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ENTRANCEWAYS AND EXITS FOR BLAST-RESISTANT

FULLY-BURIED PERSONNEL SHELTERS

SUMMARY

INTRODUCTION

The work reported in this study is a continuation of the Total Shelter

Design Optimization series which, under OCD sponsorship, is currenCly in

progress at the lIT Re3earch Institute. These studies have developed the

design requirements and identified in-place costs for single-purpose, fully-

buried personnel shelters of 100, 500 and 1000-man capacities. The attack

environment, for analytical purposes, is described by a megaton yield

(W = 1 to 100 MT) nuclear explosion and by side-on surface overpressures

of 10 to 200 psi. Reports issued to date in this series have included the

following:

(1) "Structural Materials for Hardened Personnel Shelters,"
by John A. Havers, Contract No. OCD-PS-62-66, Subtask
1151-A, IIT Research Institute, December 1963.

(2) "Structural Cost Studies for Hardened Shelters," by
John A. Havers and Jerry J. Lukes, Contract No. OCD-
lPS-64-50, Subtask 1152-E, lIT Research Institute,
January 1965.

(3) "Entranceways and Exits for Blast-Resistant Fully-Buried
Personnel Shelters," by John D. Stevenson, and John A.
Havers, Contract No. OCD-PS-64-50, Subtask 1152-E,
lIT Research Institute, September 1965.

(4) "An Investigation of Minimal Equipment Needs in Personnel
Shelters," by John A. Havers, Claire B. Monk, Jr. and
Erich H. Koeller, Contract No. OCD-PS-64-50. Subtask
1216-A, (in publication).

In the two earlier studies of this series, structural design and cost

data were developed for fully-buried personnel shelters of 100-man, 500-ma!.

and 1000-man capacities. These relatpd studies supplied the inplace struc-

tur-al cost for each shelter capacity as a function of the design over-pressure,

but did not include any detailed consideration of suitable entranceways to

serve the shelters. This report extends the scope of the earlier studies by

investigating the design requirements and structural costs for shelter en-

tranceways.
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The possible types of shelter entranceways and exits include various

stairways, ramps, slides, elevators, etc. The preferred type of entrance-

way and exit for each shelter is influenced by the operational requirements

(physical condition of shelterees and permissible time for loading the shelters,

etc.) the availability of real estate, excavation costs, location of shelter rela-

tive to the ground surface and the natural topography. The entranceway layout

examined in this study consists of conventional stairways and connecting corri-

dors. Assuming its survival following a nuclear explosion, such a layout would

obviously be equally suitable as an exit. Consideration is also given to an

emergency tv'e of exit, where a vertical tube is used to connect the shelterJ with the ground surface. This exit would be protected from surface explosion

effects by a removable cover and by a layer of soil.

if The fully-buried shelter configurations which were examined in the

earlier optimization studies have included the rectangular cubicle, the 180 deg

Sarch and the 360 deg cylinder, the 180 deg dome and the 360 deg sphere. Eachr

such shelter is designed to protect its occupants from all anticipated adverse

effects associated with the postulated level of nuclear explosion. Table S- 1

lists those features of the optimum shelters which are pertinent to the layout

and radiation design of their associated entranceway structures.

The entranceways and exits are designed to service these minimum

structural-cost shelters and must similarly be able to %ithstand the dest:uc-

tive effects of 1-100 MT explosions at ground ranges characterized by surfaceý

overpressures of 10 to 200 psi. The capacity of an entranceway must aiso b.-

consistent with the shelter size and with the time available for loading the

shelter. This latter requirement dictates the number of traffic lanes and/or

I entranceay structures. Table S-2 lists the minimum dimensional require-

ments, excluding minor provisions for doorways and jambs, which are con=-

sidered to be applicable to interior portions of the entranceway.
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Table S- 1

PARAMETERS OF OPTIMUM SHELTERS WHICH ARE PERTINENT
TO ENTRANCEWAY DESIGN

Sti Effectiveii• Static
Equivalent Depth Pepth

to of
Design Entrance Earth

Y PressureJ, Length Width Level Cover
Capacity (psi) Type (ft) (ft) (ft) (ft)

10 1 St. Cubicle 40 23 12.1 3.5

100O50 1 St. Cubicle 30 30 13, 3 4,5

Mn100 1 St. Cubicle 30 30 15.0 5.5S Man
200 1 St. Cylinder 65 15 17.8 7.5

325 1 St. Cylinder 65 15 20.3 10.0

10 1 St. Cubicle 74 60 12. 1 3.5

500 50 1 St. Cubicle 74 60 13.3 4.5

5a100 2 St. Cylinder 155 20 14.5 5.5

200 2 St. Cylinder 155 20 16.5 7.5

325 2 St. Cylinder 155 20 19.0 10.0

10 1 St. Cubicle 111 78 12. 1 3.5

1000 50 1 St. Cubicle 96 90 13.3 4.5

Man 100 2 St. Cylinder 289 20 14.5 5.5

200 2 St. Cylinder 289 20 16.5 7.5

325 2 St. Cylinder 289 20 19.0 10.0

Note: The 10 psi level shelters are structural steel frames. All
other shelters consist of reinforced concrete construction. "St."
refers to "story."
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Table S-2

DIMENSIONAL CRITERIA FOR ENTRANCEWAY TRAFFIC LANES

Entranceway One-Lane. Two-Lane Four-Lane

Element Width Height Width Height Width Height

Stairway 21-611 71-"0" 31-81 71-0" 71-4" 8'-0"

Door I'-I0l " 6'-6" 31-8" 61- " 7'1-411 6` "6''

I Corridor 21-6" 71-0" 3'-88" 71-0" 7'-4" 8V_0"

Stairway riser and run dimensions are limited to a max4mum of 7 3/4 i,.

for the riser and a minimum of 9-1/2 in. for the run. The maximum elevation

difference between landings is limited to 8 ft-6 in. except where blast attenua-f tion requirements necessitate a greater height difference. Landing widths are

restricted to a minimum of 1 ft-7 in.

SThe major design emphasis is given to prestressed and reinforced con-

crete structural elements. Structural steel plate is used in design applica.;.-nc

"where large plastic deformation is permitted or where structural integrity

between elements is desired without the transferral of large bending st6 e--c-.

Structural steel shapes are used in such functional apphications as the - "ppor

, channels for the blast door, and are also proposed in instances where x, e-.

or dimensional limitations require the substitution of structural steel "

I reinforced concrete member. Prestressed concrete elements are used ex-

tensively in the blast-resistant portions of the entranceway, s:.nce ti-')r c,-n-.

posite material has the capab'_lity of carrying both tension ani cmrnp-es.u_-.

loading in a stress reversal cycie.

FINDINGS

For both blast and nonbiast-resistant structures, the total o,,, c! ttT entranceway systems can be subdivided into three bas-c areas. The •.- ,

of total entranceway cost which is represented by each of these ar-ea., .. t.

be found to remain fairly constant for all entranceway configuration,- : ,-

all pressure ranges. The first of these cout areas, which is associated witm

the basic requirement for blast protection will account for •5 to 60 pork e,- * i
the total entranceway cost. System components in this area will in. !ade ti-.

* transition and blast hection. as well as the blast door, door hardwat- a-1 I:
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support items. The second cost area which can be correlated with ionizing

radiation protection, will represent some 22 to 27 percent of the total cost.

Included items in this category are the radiation sections themselves plus

any supplementary barrier shielding. Finally, the remaining 15 to 20 percent

of the total entranceway cost can be allocated to site preparation, including

excavation and slope stabilization, and to such necessary functional elements

as stairs and emergency exits.

The explicit findings of this study are summarized by plotting in-place

structural cost as a function of design pressure. The resulting plots are shown

in Fig. S-I and S-2. In general, the tension cubicle represents the least-cost

entranceway design in the low pressure loading range (p <25 psi), while the
so

compression cylinder dominates in the middle and high overpressure ranges.

The actual cross-over point between the cubicle and cylinder seems to be de-

pendent on the requirements for entranceway capacity. In most cases, the

compression sphere costs closely parallel the compression cylinder costs.

With this information, together with the data presented in Table S- 1,

the optimum shelter entranceway system can be matched with the corresponding

optimum shelter for a particular shelter capacity and design pressure. Fig. S-3

presents the cost per sheltered occupant of the optimum entranceway system

for least-structural-cost shelters of 100-500-1000 man capacity. In preparing

this figure, the combination of entranceway lane designs which is used with

each particular shelter is based on a rated traffic capacity of 250 persons per

lane. A 1000 -man shelter capacity would thus require four one-lane entrance-

way structures or two two-lane entranceways. It is further postulated that

shelter systems with capacities greater than 500 persons will require a mini-

mum of two separate entranceways in addition to any emergency exits which

may be provided.

The results of this study indicate that entrance systems which are ade-

quate for buried shelters of 100-500 and 1000-man capacities and for overpre!-

sure ranges of 10 to 200 psi can be provided at an additional cost of between

25 to 40 percent of the structural cost of the basic shelter. It has also been

established that an a priori knowledge of the shelter which is to be serviced is

necessary input if optimum entranceway designs are to be realized.
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! An increase in the design capacity of the entranceway is shown to effect a

marked decrease in the system cost-per-entrant. Of the entranceway lane

capacities studied in detail, it appears that the optimum two-lane system

can accommodate traffic at approximately 30 percent less cost than can an

Sequivalent one-lane system. A two-lane system is slightly less expensive

, (<•5 percent) than an equivalent four-lane system in the higher overpres-

sure range (p > 50 psi), but the reverse is true in the lower overpressure

~ design region.
I

I
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FOREWORD

This final report describes an investigation which was performed as

a portion of Subtask 1152-E of Contract OCD-PS-64-50, IITRI Project No.

M6064, "Total Shelter Design Optimization." The research reported herein

has consisted of blast analyses, radiation analyses, traffic studies, and

structural evaluations of entranceway and exit systems for fully-buried

personnel shelters. Attention is directed to shelters of 100, 500 and 1000-

man capacities, extending the earlier structural and economic studies of

IITRI Projects M254 (Subtask 1151-A) and M6064 (1). The total in-place

cost of the fully-buried shelter structure and of its entranceway system

can now be estimated, as a function of design overpressure level in the

10-200 psi range, by combining the findings of these three studies.

Respectfuliy submitted,

•ZESARCH INS T I T UT E

/.-O,..John D. Stevenson
~Structures Research

John A. Havers
Senior Research Engineer
Structures Research

JAH/gm

AP OVED BY:

E. Sevin, Director
Solid Mechanics Research Division
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ENTRANCEWAYS AND EXITS FOR BLAST-RESISTANT
FULLY-BURIED PERSONNEL SHELTERS

ABSTRACT

The work reported in this study is a continuation of the Total Shelter

Design Optimization series which, under OCD sponsorship, is currently in

progress at the lIT Research Institute, These studies have developed the

design requirements and identified in-place costs for single-purpose, fully-

buried personnel shelters of 100, 500, and 1000-man capacities. The attack

environment, for analytical purposes, is described by a megaton (W = 1

to 100 MT) nuclear explosion and by side-or. surface overpressures of 10 to

200 psi. Reports issued to date in this series have included the following:

(1) "Structural Materials for Hardened Personnel Shelters,"
by John A. Havers, Contract No. OCD-PS-62-66, Sub-
task 1151-A, IIT Research Institute, December 1963.

(2) "Structural Cost Studies for Hardened Shelters," by
John A. Havers and Jerry J. Lukes, Contract No. OCD-
PS-64-50, Subtask l!5,2-E, IIT Research institute,
January 1965

(3) "Entranceways and Exits for Blast-Resistant Fully-
Buried Personnel Shelters," by John D. Stevenson,
and John A. Havers, Contract No. OCD-PS-64-50,
Subtask 1152-E, lIT Research Institute, May 1965 (draft).

(4) "An Investigation of Minimal Equipment Needs in Per-
sonnel Shelters," by John A. Havers., Claire B. Monk,Jr.
and Erich H. Koeller, Contract No.. OCD-PS-64-50,
Subtask 1216-A, May 1965 (draft).

By combining the findings of these separate studies, it is possible

to perform rapid evaluations of specific attack environments, composite

performance requirements, alternative analytical solutions and estimated

in-place costs as a basis for the preliminary design of this particular type

of shelter. It is found that structural per-occupant costs are strongly

related to the design capacity of the shelter, and exhibit a decrease as the

shelter capacity is increased. The structural costs are also found to in-

crease with increasing levels of design overpressure, although this latter

correlation becomes decidedly weakrvr s tht overpressure level is increased.
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NOMENCLATURE

A cross-sectional area, (sq in. )

A 1  plan area of entranceway section (sq ft)

A* projected plan area of entranceway section at ground level, assuming
a 1:1 side slope (sq ft)

A total area of reinforcing steel in one principal direction of a concrete
member, (sq in.)

EA total area of reinforcing steel, summed for the principal directions
of a concrete member, (sq in. )

A sL area of reinforcing steel on the left side of the centroidal longitudinal
axis of a concrete member, (sq in. )

A R area of reinforcing steel on the right side of the centroidal longi-
tudinal axis of a concrete member, (sq in. )

Ate area of temperature reinforcing steel in a concrete member, (sqin.)

AT total area of surface, (sq ft)

A area of diagonal tension reinforcement steel in a concrete member,
(sq in.)

A net area of steel beam web, (sq in. )
w

b width of beam, column, slab or wall, (in.)

B zenter-to-center spacing of similar structural members, (ft)

B short dimension of projected area of entranceway mouth, used in
radiation streaming investigations, (ft)

BT total width of rectangular structure, (ft)

c/d distance from extreme compressive fiber to neutral axis of a bending
reinforced-concrete member, expressed as a ratio of the effective
depth of the section

C general term for cost factor

C cost factor per unit of structural element for concrete,($/ft or$/sqft)
c

C d drag coefficient for dynamic pressure-loading evaluation of a speci-
Cdr fic structural member

Cf cost factor per unit of structural element for form work, ($/ift or
$/sq ft)

C cost tactor per unit of structural element for gunite cover over exter-
g nally-wrapped prestress steel, ($/sq it)

C cost factor per unit of structural element for main reinforcing steel,
($/ft or $/sq it)
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NOMENCLATURE (Cont'd)

C cost factor per unit of structural element for prestressing steel,
sP ($/ft or $/sq ft)

Cst cost factor per unit of structural element for temperature reinforcing
steel, ($/ft o- $/sq it)

C t factor for composite cost per unit of a structural element, ($/ft or
$/sq ft)

C cost factor per unit of structural element for shear reinforcement
v steel, ($/ft or $/sq ft)

Cvt cost factor per unit of structural element for torsion :reinforcement
steel, ($/ft or $/sq ft)

C C total cost of concrete in structural element, ($)

CF total cost of form work for structural element, ($)

CG total cost of gunite cover for externally-wrapped prestress steel
in structural element, ($)

C S total zost of main reinforcing steel in structural element, ($)

C SP total cost of prestressing steel in structural element, ($)

CST total cost of temperature steel in structural element, ($)

CT composite cost of entire structural element, ($)
Cv total cost of shear reinforcement steel in structural elements, ($)

C VT total cost of torsion reinforcement steel in structural element, ($)

d distance from compression face of reinforced concrete beam or
slab to center of gravity of tension reiniorcement, (in.). Also known
as effective depth.'

d' distance from tension face of reinforced concrete beam or slab to
center of gravity of tension reinforc-E -ient, d' = D - d, (in.)

d" distance from compression face of reinforced concrete beam or slab
to center of gravity of compression reinforcement, (in.)

d net depth of web in steel beams, (in.)w

D total depth or thickness cf a member, (in.

e ratio of short dimension to long dimension for projected area of
entranceway mouth (used in radiation streaming investigations, with
e -; Bp/'Hp ). Also base for Naperian svstern of logarithms.

ed eccentricity, referenced to geometric ,_entroid, of dynamic axial
thrust applied to reinforced concrete section, (in.

E modulus of elasti7icdy, (psi)

f' unit static coripressive strength of concrf.te, based on standard
c 28-day cylinder test. (psi)

fc unit dynamic. conipressive strength of concrete, (psi)dc
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NOMENCLATURE (Cont'd)

fdv dynamic yield stress of steel in shear (psi)

fdy dynamic yield stress of steel in tension or compression, (psi)

f unit stress, acting in the radial direction, in the wall of a loaded
cylinder, (psi)

f t unit stress, acting in the tangential (circumferential) direction, in
the wall of a loaded cylinder, (psi)

f static yield stress of steel in shear, (psi)
v

f static yield stress of steel in tension or compression, (psi)Y
F manufacturer's recommended design load per prestressing cable, (lb)sp
h depth from ground surface to top of structure, (it)

h average depth of earth cover, (ft)av

H height of column or wall, (it)

H height of projected area of entranceway -mouth, (ft)p

i summation index

moment of inertia, (lb/in. 4)

j summation index

k general term for a defined constant

k If composite unit cost of form work in roof slabs and beams,
k" - Xf + 0.0 12 D, ($)

kh ratio of horizontal to vertical soil pressure

K general term for a defined constant

KT kilotons, TNT equivalent in explosion yield

L span length of beam or slab, (ft)

L*/2 neutron half-length for entranceway corridor, (ft)

L required length of prestressing strand for concrete member,(ft/sq it)sp
L length of long span for rectangular flat-plate element, (ft)

LL arc length of curved (long) span for rectangular singly-curved plate
element, (ft)

LS length of short span for rectangular plate element, (it)

LT total length of structuire, (it)

M general term for applied or resisting moment (in. -lb) or (in.-lbiin.)

M 10 moment in central portion of long span of uniformly-loaded, rectan-
gular-plan structural element, with hinged edge-support,(in. -lb/in.).
In the case of a cylindrical-surface element, the curved span is
taken as the long span.
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NOMENCLATURE (Cont'd)

M2 0  moment in central portion of straight span of uniformly-loaded,
rectangular-plan structural element, with hinged edge-support,
(in. - lb/in.)

Mle value of moment at curved edge of cylindrical-surface blast door,
assuming fixed-edge support, (in. - lb/in.)

Mdu dynamically-applied ultimate moment, acting singly or in combination
with an axial thrust Ndu, which develops the ultimate bending resis-
tance of a reinforced concrete member, (in.- lb)

M million electron volts, measure of energy of radiation from aev nuclear burst

MT megatun, tri-nitro toluene (TNT) equivalent in explosion yield
n ZZ/Hp (used in solid angle calculations for radiation streaming)

n1 / 2  number of neutron half-lengths, related to attenuation of neutron
radiation energy

n 0 integrated neutron flux in air at slant range, R ft from a I KT
fission explosion (neutrons/sq cm)

n integr.ted neutron flux in air at slant range I. from a W MT fission
explosion, (neutrons/sq cm)

nL required number of traffic lanes in a shelter entranceway

N total design population of a shelter (persons); also, general term for
absorbed neutron dose (rad)

Ndu dynamically-applied thrust, which acting singly or in combination with
moment Mdu, develops the ultimate resistance of a reinforced con-
crete member, (lb/in.)

N absorbed dose (rad) resulting from unshielded exposure to the neutrono flux produced at range Rso by a 1 KT fission yield. (Based on relation-

ship that one neutron/sq cmzl.8 x 10-9 rad for fission neutrons
with energies in excess of 200 electron volts and for R '1500 ft.)

N absorbed dose (rad) resulting from unshielded exposure to t}.e neutron
w flux produced at range Rs by a W MT fission yield (Same assumptions

as foi No)

N 1 circumferential equilibrium force in the wall of a cylindrical shell,10 (lb/in.)

N0o longitudinal equilibrium force in the wall of a cylindrical shell,
(lb/in.)

N* latitudinal equilibrium force in wall of spherical shell, (lb/in.)
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NOMENCLATURE (Cont'd)

N• meridional equilibrium force in wall of spherical shell, (lb/in.)

Pa ambient atmospheric pressure at the ground surface, (psi)

Pd peak intensity of dynamic pressure at the ground surface, (psi)

Pdr peak intensity of the "drag" pressure on an above-ground structural
member due to the peak dynamic pressure, pd, (psi)

PM peak intensity of dynamically-applied loading on a buried structure,
(psi)

Pr peak intensity of pressure due to reflection of the free-field blast
wave, (psi)

Pri peak intensity of reflected pressure wave inside an entranceway
structure, (psi)

Pso peak intensity of Side-on overpressure at the ground surface, (psi)

Pt prestressing strand pitch, (in.)

Pto peak intensity of transmitted overpressure within an entranceway
structure, (psi)

PL unit line loading due to external forces on support ring of second(circular) opening in a spherical structure. Loading is taken as

acting normal to plane of ring curvature, (lb/in.)

P LZ unit line loading due to external forces on support ring of second
(circular) opening in a spherical structure. Loading is taken as
acting normal to plane of ring curvature, (lb/in.)

q general term for static-equivalent, uniformly-distributed unit loading
which by implication, develops the yield or ultimate resistance of
the loaded member in one or more of its possible failure modes, (psi).
With this definition, the notation "q" will be applied both to an applied
loading and to the yield or ultimate resistance which is developed in
a member by such loading.

q c unit compression mode resistance, (psi)

Sratio of p fdy /fdc for reinforced concrete member

AL L fd,
q dL =b d V ' ilc

qdR A sRd d,

b d ft dc

BIT RESEARCH INSTIIUTE

xxi



NOMENCLATURE (Cont'd)

qf unit flexural mode resistance, (psi)

qsc unit diagonal tension or shear compression mode resistance, (psi)

qt unit tensile mode resistance, (psi)

q u unit ultimate resistance, (psi)

qv unit shear mode resistance, (psi)

Eq E =qEp I qEs + qEd

inwardly-directed radial component of prestressing force T
p acting on prestressed shell structure, (psi)

qEs conventional dead and live loadings acting on a buried shell structure,
approximated as a radial inwardly-directed loading, (psi)

q Ed static equivalent representation of earth- transmitte,.• overpressur e-
loading on the exterior surfaces of a buried structure, considered
to act as a radial inwardly-directed loading, (psi)

q, statis equivalent representation of interior reflected pressure, psi,
within a structure open to blast-wave penetration. This pressure
is assumed to act as a radial outwardly-directed loading, (psi)

r radius, measured on a right transverse section, from center of
cylinder to interior point within the cylinder wall, (ft)

rad unit of absorbed dose of any nuclear radiation

remn unit which describes the effect of any nuclear radiation on human

r mean radius of projection of entrancewav mouth on plane normal to
longitudinal axis of entranceway leg, (ft)

R roentgen, measure of exposure dose of gamma nuclear radiation

RBE relative effect of one rad of absorbed dose of nuclear radiation on
biological dose, referenced to observed effect of one rad of some
"standard" radiation

Rfb barriei reduction factor for nuclear radiation

Rfc bend reduction factor for nuclear radiation

"Rfe entrance mouth reduction factor for nuclear radiation

"R fw wall reduction factor for nuclear radiation

"RHI exposure dose rate for fallout gamma radiation at one hour following
the explosion, (R/hr)

"Rs slant range between explosion center and location considered, (ft)

"R slant range which, for a weapon yield of 1 KT, corresponds to a
SO specified value of the peak overpressure, (ft)
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NOMENCLATURE (Cont'd)

Rt exposure dose rate for fallout gamma radiation at time t hours fol-
lowing the explosion, (R/hr)

S elastic section modulus of beam, (in. )

SL span of singly-curved Gr doubly-curved structure or structural

member, (ft)

t thickness of steel plate, (in.), elapsed time since explosion, (hr)

td effective duration of blast loading, (seconds)

t f thickness of steel beam flange, (in.)

t rise time of pressure pulse, (seconds)r

t thickness of steel beam web, (in.)w

T natural period of vibration if fL.,,cture or structural member,
(seconds)

T effective value of prestressing force applied to a concrete member,
sp (lb/in.)

TNT tri-nitro toluene, high explosive

V total shear, (lb)

V total shear causing full plastification of net web area of rolled steel
beam, (.b) or of the section of a steel plate, (lb/in.)

V ultimate shearing resistance of cross section of reinforced concrete
member, (lb) or reinforced concrete slab, (lb/in.)

w weight per unit of structural element, (lb/ft, lb/sq ft or lb/ft )

W equivalent nuclear explosion yield, expressed in megatons (MT) of
'rNT

W1 scaling factor for initial gamma radiation fluxcorresponding to a fis-
sion yield of W MT

x coordinate axis in rectilinear Cartesian system

X general term for cost coefficient

X unit cost of concrete, ($/ft3 )c

Xf unit cost of form work, ($/sq ft)

X unit cost of gunite coating, ($/sq ft)g
X unit cost of prestressing strand, ($/ft)p
X unit cost of steel, excluding shear and torsional reinforcement, ex-

pressed as ($/ft3) for reinforcing tie and temperature steel, ($/lb)
for rolled steel shapes and ($/sq ft) for steel plate

X unit cost of shear and torsional reinforcement steel, ($/ft )
v

y coordinate axic i-, rectilinear Cartesian system
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NOMENCLATURE (Cont'd)

z depth below ground sur.a-e, (ft), coordinate axis in rectilinear
Cartesian system

Z distance from radiation deteAtor to projected plane of entranceway

mouth, (ft)

CA • ratio of short to long spans for flat rectangular pla•tes and slabs

AB angular orientation of burst relative to line-of-sight for a specified
entranceway leg, (deg)

As angular orientation of radiation shielding, measured relative to line-
of-sight to explosion center, (deg) I

/3 z m (deg)

W general term for absorbed dose due to gamma radiation, (rad)
-o absorbed dose due to tL-.shielded gamma radiation at slant range, R I

from a I KT explosion, (rad) so
1 w absorbed dose due to unshielded gamma radiation at slant range, R I

from a W MT explosion, (rad)

Q angle measured in horizontal plane, (deg)
0, ratio of negative to positive reinforcemernt percentages in concrete

member

0B angular orientation of burst center relative to x-axis, projected in
horizontal plane, (deg)

Q0E angular orientation of specified entran-,way Leg relative to x-axis,
projected in horizontal plane, (deg)

;L ratio of straight-edge length LS to czived-edge length LLfor reý.tan-
gular-plan element of a cylindrical surface. Note that A approaches

Okas cylinder radius becomes infinite.

/4 ductility factor representing ratio of maximum permissible deflection
of a structural member to its deflection at yield, also a defined term

[- 6912 ( - %)2) L4

DA in studies of t.ylindrical shellsIfsL D

"Poisson's ratio, value dependent upon speý'ific material considered

/om effective mass density of radiation shielding, (lb/ft2)

symbol for diameter of a circular cross section

general term for percentage of tensile steel reinforcement in concrete
member, referred to net s=ction area normal to direz*tion of reinforce- I
menn
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NOMENCLATURE (Cont'd)

genera! term for percentage of compressive steel reinforcement in
concrete member, referred to net section area normal to direction
of reinforcement

6 c effective percentage of tensile steel reinforcement at midspan of
" c concrete member, referred to net section area normal to direction

of reinforcement

6 cL effective percentage of tensile steel reinforcement at midspan in
the long direction of a two-way reinforced, rectangular concrete

slab. Referenced to net section area normal to direction of reinforce-
3 ment

Se effective percentage of tensile steel reinforcement at end support of
e concrete member, referred to net section area normal to direction

3 of reinforcement.

4t total percentage of main reinforcing steel in one principal direction
of a concrete member, referred to gross section area normal to
direction of reinforcement

summed percentages of main reinforcing steel in the principal
directions of a concrete member, referred to gross section areas

I normal to each direction of reinforcement

6 te percentage of temperature reinforcing steel and/or tie steel in con-
crete member, referred to gross section area normal to direction

I of reinforcement

6tL percentage of reinforcing steel which resists those tensile,,membranetL forces acting in latitudinal direction, referred to gross area of section

normal to direction of' reinforcement

6tL percentage o.1 reinforcing steel which resists those compressive mem-
brane forces acting in latitudinal direction of spherical shell, referred
to gross area of section normal to direction of reinforcement

ýtM percentage of reinforcing steel which resists those tensile membrane
forces acting in meridional direction of spherical shell, referred to
gross area of section normal to direction of reinforcement

6tM percent of reinforcing steel which resists those compressive membrane
forces acting in meridional direction of spherical shell, referred to
gross area of section normal to direction of reinforcement

6 percentage of web reinforcing steel in concrete member, supplied as
i v vertical stirrups and referred to net section area in plane of stirrups

6vt percentage of torsional vertical stirrup steel in concrete member,

referred to total surface area of member in plane normal to stirrups

I A S•L b

I
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NOMENCLATURE (Cont'd)

general symbol for vertical angle measured in any z, 0 plane of a
spherical coordinate system, commencing at the z axis. Also
specified as a particular coordinate in the spherical blast-exclusion
structure, where it is referenced to the radial bisector of the first
(circular) opening in the structure, (deg)

vertical angle, used as a particular coordinate in the spherical
blast-exclusion structure, where it is referenced to the radial bi-
sector of the second (circular) opening in the structure, (deg)

B vertical angle to explosion center, as observed at some specified
location and measured from the z coordinate axis, (deg)

E vertical angle to longitudinal axis of inclined entrance section of
shelter entranceway, as observed at a detector station within the
entranceway and measured from the z coordinate axis, (deg)

0 oone-half of the central angle, measured in a transverse sectional
plane through a cylindrical-element blast doorway, which is sub-
tended by the (long) curved edge of the door, (deg)

01 one-half of the central angle subtended by the principal diameter
of the first (circular) opening in a spherical structure, (deg)

o 02one-half of the central angle subtended by the principal diameter
of the second (circular) opening in a spherical structure, (deg)

R vertical angle between radial bisectors of first and second (circular)
openings in a spherical structure, (deg)

T vertical angle, referenced to radial bisector of a single (circular)
opening in a concrete spherical structure, at which the tensile lati-
tudinal membrane forces due to loads on the shell and at the opening
can be satisfied with L = 0. 50

solid angle fraction (solid radians)

reduced solid angle fraction for gamma radiation, as a function of
bend effects (solid radians)

{
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ENTRANCEWAYS AND EXITS FOR BLAST-RESISTANT

FULLY-BURIED PERSONNEL SHELTERS

CHAPTER I INTRODUCTION

1. 1 STUDY OBJECTIVE

In two earlier studies, performed by the lIT Research Institute under

the authorization of the Office of Civil Defense, structural design and cost

data were developed for fully-buried personnel shelters of 100-man, 500-

man and 1000-man capacities. 1, 2 These related studies developed in-place

stractural costs for each shelter capacity as a function of the design over-

pressure, but did not include any detailed consideration of suitable entrance-
I

ways to serve the shelters. Exploratory projections, however, indicated

that entranceway costs could represent a significant fraction of the total

structural costs of a shelter system. In recognition of this economic

importance, this report extends the scope of the earlier studies by investi-

gating the design requirements and structural costs for shelter entranceways.

1. 2 SCOPE

The entranceways and exits which are examined in this study are

c .Jic•c llv intended to service those shelters whose design capacities,

interior layouts, structural materials, structural systems and basic config-

urations are described in earlier reports. 1, It is recommended that

direct reference be made to these studies, since their initial postulates

and subsequent findings have established certain design constraints which

are used in this entranceway study. For the benefit of the casual reader,

however, several pertinent features of these references are summarized.

The shelter capacities are set at 100-man, 500-man and 1000-man.

All shelters are designed for significant resistance to blast loadings charac-

terized by overpressures ranging from 10 psi to 200 psi at the ground surface.

The design weapons are considered to be in the megaton range, with yields

(W) ranging from I MT to 100 MT. The shelter is assumed to be fully

buried and located above the permanent ground water table. It is designed

to protect its occupants from all adverse effects, considered both singly

Superscript numerals identify reference sources, as listed in the biblio-
graphy contained in the last section of this report.
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and in combination, which may result from the postulated explosion. From

a practical standpoint, this normally means that the buried shelter is first

designed for adequate structural resistance to the overpressure -induced
1

loading, using simplified loading and response theory. Subsequently, the

barrier shielding supplied bythe shelter against the effects of ionizing radia-

tion is examined. Direct thermal emissions, due to the thermal shielding

of the earth cover over the shelter, do not influence the structural design.

The shelter configurations of interest include the rectangular cubicle,

the 180 deg arch and the 360 deg cylinder, the 180 deg dome and the 360 deg

sphere. Whren cost minimization techniques are applied to shelters with

fixed capacities and with efficient interior layouts, strong cost-interactions

are identified between shelter configuration, structural materials and

systems, and design magnitude of overpressure loading. The pertinent

features of the least-structural-cost shelter, as would be expected, are

found to vary as the conditions of loading are changed. The cubicle config-

uration is associated with least-structural-cost at low levels of loading, but

is successively replaced by the 180 deg arch and the 360 deg cylinder as

loading levels are increased. The relationship between shelter configuration

and minimum-structural-cost, as is apparent from Fig.6. 3, of Ref. 2 is also

n!.uenced by the design capacity of the shelter. The structural material

no-rma~ly associated with the least-structural-cost shelter is identified, for

various shelter configurations and for a broad range of design loadings, as

reinforced concrete. At the lower end of the study range, characterized by

overpressures in the vicinity of 10 psi, the structural steel and structural

timber designs appear to have some economic advantages.

The entrarceways and exits, since they are designed to service the

minimum-structural-cost shelters, 1,2 must similarly be able to withstand

the destructive effects of 1-100 MT explosions at ground ranges characterized

by surface overpressures of 10 to 200 psi. The interactions between these

explosion effects and the entranceway structure will, however, differ some-

what from those analyzed fur the shelter proper. These factors, which will

be discussed subsequently in Chapters 4 and 5, will influence the geometry

of the shelter entranceway or exit. The entranceway capacity must also

be consistent with the shelter size and with the time available for loading

the shelter. This latter requirement will dictate the number of traffic lanes

and/or entranceway structures, and is discussed in Chapter 3.
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'The shelter analyses, 1, have identified reinforced concrete as the

least-_ost stiuctutral material for all but the lower pressure ranges. It will
subsequently be shown (Chapter 4) that the peak loading on an entranceway

structure is typically much more severe than that imposed on the adjoining

buried shelter. These factors suggest that minimum-cost studies of

entranceway stru-rures should be focused on the use of structural concrete,

both prestressed and conventionally reinforced. Structural steel is also of

obvious interest and, as in the shelter studies, will be examined as an

alternative structural material. While these two materials will be considered

exclusively in this study, it is recognized that certain othei-s (such as aluminum)

may be suitable for specific application in appropriate entranceway designs.

1. 3 DESIGN CONSIDERATIONS

1. 3. 1 Description of Entranceways and Exits

The possible types of shelter entranceways and exits include various

stairways, ramps, slides elevators etc. These are discussed in some detail

in Ref. 3. where evaluations of their relative effectiveness and cost are

.supplied. The preferred type of entranceway and exit for each shelter is

influenced by the operational requirements (physical condition of shelterees

and permissible time for loading the shelters, etc. ), the availability of real

estate, excavation costs, location of shelter relative to the ground surface

iý..nd r.• 2r.l topography. However, it has been concluded that an entranceway

layout wl-.ich includes conventional stairways and connecting corridors will
3,4

generally prove the most satisfactory for perqonnel shelters. This type

of entranceway will be considered exclusively in the following analjses, and,

assuming its survival following a nuclear explosion, would obviously be

equally suitable as an exit. Consideration is also given to an emergency

type of exit which would consist of a vertical tube connecting the shelter

with the ground surface. Such an exit would be protected from surface

explosion effects by a removable cover and by a layer of soil.

The functional components of a shelter entranceway can be categorized

as follows:

(a) Surface transition section; consists of an open U-shaped

portion which leads from the ground surface to the mouth of

the entranceway proper.

(b) Depth transition section; provides all or a major part of

the required change in elevation between the entranceway mouth

liT RESEARCH iNSTITUTE
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and the elevat-lon at which thie shelter itself is entered.

This sectilon is des.'gried to withstand both internal and

external blast loadirng, unless it is s pecif-1.-ally intended

to collapse under blast load~.ng. I-n thlB Iatte:. case., it is

designed only for convent-lor~al loading. Obvlousl!'", the

depth transition section can be st~c Itly integrated with

the surface trans3ition section. The magnitude of the eleva-

tion change which the depth transition. sec~iiion must accom-

modate is related to such fac-p'ors as the s- .ýrface topography,

the shelter c onfigu ration and interior layo'ut, the exterior

dimensions of the shelter, and the depth of earth cover over

the shelter. In this study, the ratural topography is assumed

to be approxi.mately level.

(c) Blz~st-excluslon. sect-ion;: incliudes the blast door and its

supporting structure. Its function Is to &hleld the downstream

portions of the ent.-raceways, as we!: as the shelter itself,

from the effects of the inteý:4or re±l:ected blast wave. The

door will also provide some degree of barri,-er protection

from ionizing radiation. A portion of the required elevation

%ý"ange can be obtained in thils seclbon i'`so desired.

(d) Blast- resistant 2orridor sectlor- prov~des separation in

plan between the blast- exclusion sec-.*or. and the shelter.

The blast wave does not enter this section, although earth-

transmitted overpressure loading will act against its exterior.

The section is oriented to provide atteniation. of any ionizing

radiation wh~ch str-eams along the pa.3,sage. Again., a portion

of any requ~ired elevation change can be accomplished in this

section.

(e) Nonblast-rez~lstant corridor sectiori: also provides plan

and/or elevatiov,. separation between the erntran~eway mouth

a~i-d the blast-exclusior. sectior. It may be desgred to he

irtegr.ýI with the trarqit-on section, however, It is.. not

desigrned to re-i-st either ., *.'rior or exterlor bla't loading.

()Irierlock seczionr this optionial Cxt,ýre pe.-mit, l-ate

a-, %vals to ernter the shelter withoit the risk that a blast wave
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w1ll also penetrate the entranceway. Thus, the primary

feature of an interlock is two blast-resistant doors with

a holding space between them.

(g) Decontamination section; some provision for a

decontaminatioL. facility may be desirable for a large

shelter complex. However, this optional feature will

not be included in this, study.

1.3.2 Operational Aspects of Design

3 The preliminary geometric layout of a shelter entranceway is

largely controlled, both in plan and in elevation, by the relative locations

of the surface transition section and the shelter proper. Analyses of

blast and radiation penetration into the entranceway may subsequently lead

t%-, modifications of this basic layout, frequently in the form of additional

corridor bends or lengthened corridor sections. The sectional dimensions

within the entranceway are dictated by the shelter capacity and the required

rate of loading. These considerations are used to establish corridor and

stairway widths, head-room clearances, and the number and dimensions of

stair treads and risers. The design alternatives for the entranceway can

b- analyzed and estimates can be made of their respective in-place costs,

leading to minimum-cost solutions similar to those obtained for the basic
1,2

shelter structures. However, there are still other design considerations

which, whilc certainly affecting the final cost of an entranceway, should

properly be evaluated in terms of their operational features as well as on

the basis of their estimated costs. Several items in this general class are

discussed in the following paragraphs.

An immediate question arises as to whether, from the standpoint of

reliability, it is acceptabie to provide a single entranceway for any or all

capacities of shelters. A single entranceway can be sized for the required

rate of traffic flow, even for the 1000-man capacity shelters, and it is not

unlikely that cost studies would identify this as the least costly arrangement.

(For a single entranceway and large shelters, attention should also be focused

on the traffic flow as people move to areas within the shelter. ) Giving

recognition to the directional characteristics of a blast wave and to such

indeterminant problems as debris accumulation in the entranceway, it can
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be argued that a single entranceway is undesi::able Our understanding

of the risk and survival probabilities is insuffi"ciernt• to permit a meaningful

cost analysis of the alternatives, arnd we can only proceed on the basis of

our best judgment. For purposes of this st'udy, the single entranceway is

considered as acceptable only for shelters with design capacities of 500

or less.

In much the same vein, the justificatoron for a separate exit can be

explored. An entranceway structure, if designed to withstand the blast and

related effects associated with a specified level of overpressure, can be

expected to be adequate as a post-attack exit if this design overpressure

has notbeen exceeded. However. there are obx, io' 4 s dangers that transported

debris will block the entrancewav or that the blast door mechanism may

fail to function. It would certainly seem fut..le for the sheltered occupants

to survive the attack but subsequently per'sh through their inability to leave

the shelter. An emergency exit requirement -an be satisfied at relatively

low cost, since there should be no comparable urgency in the rate of shelter

unloading. Such an exit, consisting essennt'aily of a vertical cylinder which

contains a ladder, has been assumed as a basic requirement for each of

the three shelter capacities considered herein.

There is a question as to whether a single-locking system of blast

closure is adequate for the shelter entrancewa.,-, or whether a double-locking

feature should be incorporated. In this usage, a single-locking system
describes an entranceway which contains a single blast door. Since this

door must be closed before the shelter occupants are protected from blast

effects, a difficult decision rests with the shelter manager as to when to

seal the shelter and thus, in order to protect those persons who are already

within, deny access to any late arrivals. This situation becomes of parti-

cular importance when brief warring times are postulated as a design

condition for Lhe shelter system. A double-lockirg system, in emontrast,

will contain two blast-resistant doors with some travel distance between

them. Late arrivals can thus be brought into the shelcer system by opening

the first blast dur, holding them "r, the intervening space until this door

has been closed, and then oper-ng the se:ond blast door and passing them

into the shelter proper. While si,:h -a system is obviokisly more costly than
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a single locking syv:tern, 1ý contains the potential for a fuller usage of

shelter space. However, for this study, only the single-locking system

is considered.

There are also basic questions as to whether the entranceway

should be designed to resist the design level of overpressure, or ,-;hether

all or a part of it should be permitted to collapse under such loading. In

the latter case, full reliance must be placed on the emergency exits as a

means of egress. Certain design complications may arise if the collapsed

entranceway is also intended for some dual form of usage, such as an air

intake or an equipment room. However, if the rate of collapse can be

controlled so that unduly large blast load'ngs are not reflected at the blast

door, this type of design has a definite appeal. It is considered in this

study as an alternative possibility,

1. 3. 3 Protective Aspects of Design

The primary criterion for the structural design of a fully-buried

shelter has been shown to be the peak intensity of the dynamic loading,

PM ,which is imposed on the structure by the peak value of the overpressure,

PZ 0 acting at the ground surface. 1, For shallow-buried structures which

sa,'s Ty ertain postulated requirements for full-burial, the peak dynamic

loading on the shelter roof, pro, is frequently considered to be numerically
equal to the peak value of the side-on surface overpressure, p 5,1 This

assumption merits further study, since limited studies suggest that actual

value for pm may range from somewhat greater than p so to a small fraction
I

of pso* Any final resolution of this matter will involve a much better

understanding of combined soil -structure response to earth-transmitted

dynamic loading.

The dynamic loading imposed on a structure by a megaton explosion

can thus be characterized by its peak magnitude, pr. The duration of this

blast-initiated dynamic loading is long in comparison with the natural periods

of vibration of typical structural members. Its rise time, by way of con-

trast, is frequently of the order of a few milliseconds. These relationships

have been recognized and incorporated into an approximate design method,

whereby the permissible elasto-plastic yielding of an idealized structure

or stru.ctural member is analytically related to peak values of a step loading
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5 J

with zero rise time. Using this simplified approach a dyr.amic loading

of peak intensity pm is replaced, when analyzing the structural require-

ments for a fully-buried structure, by a statically-applied uniform load,
I

q, of "equivalent" magnitude. As a further simplifying assumption, con-

sidered reasonably valid for long-duration loading from megaton yields, !
the relation between the magnitudes of q and pm is considered to be a

unique function of the ductility ratio,/ , ci a structural element. 5 The

maximum permissible value forp, considering each structural element,

is related to its material properties, its dimensions, and its type of restraint.
1

Limiting values for this ductility are still under investigation, but are

frequently represented by the following: 15

Table 1-1

VALUES OF DUCTILITY RATIO FREQUENTLY PROPOSED
FOR BLAST-RESISTANT DESIGN 1

Ductility Ratio qpDciiRaiStructural Parameters q/Pm

1.0 timber 20

1. 3 reinforced concrete in compres- 1.6 I..
sive or shearing modes

3.0 reinforced concrete in flexural 1.2
mode .1

10-30 ductile structural steel 1.0

It is also a xcquirement that the shelter be designed to furnish its

occupants with adequate protection from ionizing radiation (initial radiation 4
and fallout). It would be an acceptable design objective to provide a shelter

with consistent levels of protection from all explosion effects, whereby (in

a statistical . se, at least) the probabilities of blast-survival and radiation-

survival for the sheltered occupants would be the same for all attack environ- !
ments whose lethal effects do not exceed those levels assumed in the shelter

design. This is not possible, since the .leld-range relationships fo;" over-

oressure and for ionizing radiation are considerably different. An alternative

would be tc design for "balanced" protection from these two effects when the

shelter is just at the point of "failure;m this still presents a difficult problem.

Factors of weapon yield, weapon makeup, burst height and atmospheric

conditions, must be specified in considerable dcaail. This leads to J
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unworkable complexities when extended to any generalized analyses.

From the standpoint of economic studies, it is fortunate that addi-

tional radiation shielding can be provided in a fully-buried shelter at rather

nominal structural cost. For this reason, it is usually acceptable for the

structural evaluations of the shelter proper to assume that the "worst case"

radiation field which corresponds to each specified level of overpressure will

exist at the location of int4eest.1 This radiation field, in'earlier studies 1' 2was

considered to consist of the maximum intensity of initial radiation(gamma rays,

1 , and neutrons, n) associated with a specified levei of overpressure and

with any nuclear yield in the 1-100 MT range, plus a fallout gamma radiation

field whose flux intensity one hour after the explosion is the free-field

equivalent of 10, 000 rad per hour for all cases of interest. As a final

step, since the shelter designs in these studies were prepared for a

statically-applied equivalent load, q, rather than for a dynamically-applied

load, pm, a constant value of the ductility ratio (# = 1. 3, q/Pr = 1. 6) was

assumed in order to express the "worst case" radiation field in terms of
1

the equivalent uniform load. This was recognized as a rather crude

approximation, but since it almost invariably predicted a radiatibn envijron-

ment in excess of that which could reasonably be expected, was considered
t o be an acceptable approximation for generalized analyses. It is obvious,

however, that such a design is not "balanced" in- the sense of providing

the sheltered occupants with consistent levels of protection from all

adverse explosion effects. Such an objective, even if accepted as desirable,
4

does not appear possible of fulfillment.

Much of this same argument can be applied to the design of the

shelter entranceway. Once the operational requirements have indicated its

basic geometry, the entranceway must be designed to withstand the blast

loadings and to furnish acceptable shielding from ionizing radiation. How-
l, 2

ever, while the structural cost of the shelter proper was found to be

rather insensitive to the requirement for barrier radiation shielding (and

hence to the initial postulates of the design radiation environment), this will

not be equally true for entranceways. Radiation shielding for the basic

shelter is in the form of a barrier, consisting of the shelter roof ani1 the

overlying soil, and a moderate increase in this barrier thickness is suf-

ficient to effect a large decrease in the radiative energies which penetrate
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within the shelter. In the entranceway, radiation streaming down the

entranceway must be recognized in addition to direct radiation penetration

through the earth cover and the entranceway structure. In this situation

it is generally found that bends and specific corridor lengths must be

deliberately introduced into the entranceway design, obviously at increased

cost, in order to reduce the radiation to an acceptable level at the entrance-

way-shelter interface. Consequently, in order to identify minimum cost

designs for entranceways, it becomes necessary to examine the pertinent

features of the radiation field in considerably more detail than was justified

in the studies of basic shelter structures. These aspects are reviewed in

a subsequent section of this report (Chapter 5).

The maximum structural loading, PM, which is imposed on a fully-

buried shelter by a specified peak value, pso0 of surface overpressure, was

approximated very simply in the studies of the basic shelter. 1,2 For

shallow burial and for megaton weapons, as previously stated, pm and pso

were considered to be numerically equal for horizontal and curved surfaces.

For vertical surfaces, such as exterior walls, this relationship was modified

to the form Pm = kh pso. Here kh is a constant which is related to the

strength properties of the surrounding earth, and has a value ranging
5

between zero and unity. For all conditions of loading, PM was considered

to act in a directioi, normal to the shelter surfaces.

The loading conditions are considerably more complex when a

shelter entranceway is considered. First, at least a portion of the entrance-

way projects above the ground surface, and thus is directly exposed to the

advancing blast wave. For such conditions, the peak loading on the projecting

portions will be considerably larger than is implied by the peak values of

the free-field pressures at the blast front. Next, except for those cases

where a blast door at the ground surface seals the entire entranceway, the

blast wave will advance into the entranceway and will produce large reflected

pressures within the interior of this structure. As a consequence, there

will be both direct and reflected pressures acting on above-ground portions

of the structure, earth-transmitted pressures acting inwardly on below-

ground portions of the entranceway structure, and multiple pressure-

reflections acting outwardly from within the structure. The relative time-
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seqlencings of these several pressure applications may be of considerable

importance in specific structural evaluations, but are not amenable to the

generalized type of analysis considered herein. It should also be noted

that, in the upper portions of the entranceway structure at least, the criteria

for full-burial5 are not satisfied and a possibility of nonuniform loading and

consequent localized structural failures (buckling, etc.), may exist. Again,

this situation cannot be treated with precision in a generalized analysis.

Blast loading design criteria, as used in this study, are discussed in detail

in a subsequent section of the report (Chapter 4).

1. 4 KNOWN LIMITATIONS OF THE STUDY

This study is intended to supply a generalized evaluation of design

and cost alternatives for entranceways to fully-buried personnel shelters,

giving particular emphasis to entranceways which can service those shelter
2

structures considered previously. The investigative technique used in

this study requires initial postulates as to the operational and service

requirements for the entranceway, which will include a description of

pertinent features of the attack environment. Once these have been supplied,

repetitive applications of preliminary designs and cost estimates can be used

to ldertifv "minimum cost" solutions. While these will subsequently be

considered as "optimum" solutions, it is readily conceded that the practical

necessity of adopting a generalized (hence considerably simplified) analytical

approach, coupled with a very rudimentary state-of-the-art knowledge of

many of the load-time-response relationships which are involved, can

result in designs which are not truly "optimum." Recognition must also be

given to the well-known uncertainties of the cost estimating process which

are inherent in any "minimum cost" analysis. These become particularly

troublesome as structural materials and shapes are grouped in classes for

analytical simplicity. These are admitted shortcomings, and appear unavoid-

able in a study of this nature. Despite them, it is believed that this cost-

minimization process will yield data which can be used subsequently, with

appropriate regional and temporal modifications, to obtain valid preliminary

estimates of entranceway costs.
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In addition, since the choices of entranceway configurations for

this study are admittedly arbitrary, there remains the possibility that some

optimum combinations of structural materials and configurations have not

been considered. There could conceivably be other entranceway config-

urations where, within some finite range of design conditions, the structural

materials considered in this study could be utilized more economically.

There could also be other structural materials which, either for the config-

urations considered herein or for some entirely different configuration,

would be economically preferable. It seems unlikely, however, that the

primary conclusions reached in this study would be significantly altered.

1. 5 POSSIBLE USES FOR STUDY FINDINGS

The obvious use of the entranceway cost data to be developed in this

study will be in conjunction with the cost data supplied 1 ',2 for the structural

portions of the basic shelter. (In this regard, it should be carefully noted

that the entranceway costs to be supplied herein will refer only to the struc-

tural portions of the entranceways and exits, to include blast doors and

their supporting devices. ) The relationships between cost, configuration

and design loading, which will subsequently be developed in this study, should

)e of value in making preliminary studies of entranceway alternatives for a

particular shelter location and function. As detailed design of the entrance-

way proceeds, it may also be helpful to make reference to the analytical

equations which will be supplied herein for the critical structural elements.

These analytical equations are accompanied by cost equations or expressions,

whichl, when translated. into current local costs, should serve as excellent

guides to the proper combination of materials for minimum st•-uctural costs.
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CHAPTER 2

STRUCTURAL MATERIALS

2. 1 INTRODUCTION

In this study, the estimated in-place costs of the constitutive

structural elements are summed to obta:.n comparative estimates of

in-place cost for each of the entranceway structures. The in-place

structural cost, in this usage, is defined as ti-e estimated contract cost

of obtaining the necessary material, labor, and equipment. The unit

prices for these cost components have been compiled from various
7, 8,9, 10,

sources. Their validity in the Chicago metropolitan area has

been checked, insofar as this is possible, by contacting local contractors

and fabricators.

The assumptions used in develop:rag estimates of in-place struct-
1

ural cost are described in detail elsewhere, and will be restated here

only in summary form. First, the estimated costs of fabrication, treat-

ment, odd-lot ordering, transportation and erection costs are added to

the basic material cost. An additional 40 percent is arbitrarily added to

this cumulative total as an allowance for jcb cverhead, general overhead

a-nd proflt. The total thus obtained will hereafter be referred to as the

in-place cost, although it should be recognized that it excludes many real

items which can affect the final cost of the shelter structure. It does not,

for example, include any allowance for Architect-Engineer services in

preparing preliminary designs, developing working drawings, preparing

bidding documents, and supplying any general construction supervision.

Neither does it provide for the costs of site acquisition and preparation,

allocated charges by various government agencies during the implementa-

tion and performance of the construction, or any contract expenses not

directly assignable to the structural portion of a shelter. It should also

be recognized that the total in-place shelter costs which are derived in

this study relate only to the basic structural portions of the shelter, which

are considered to include the blast doors and their ( -.rating mechanisms.

lIT RESEARCH INSTITUTE

2-1



2. 2 STRUCTURAL STEELS

2. 2. 1 Strength Properties

The structural steels considered in this study are classified into

two distinct groups; plates and heavy structural shapes. The rolled plates

are designed to resist axial stress as load-supporting elements, either as

a singly-curved surface in a semicircular arch or the barrel of a cylin-

drical shell, or as a doubly-curved surface in a sphere or in the dome

ends of a cylindr.cal shell. The heavy str-ct-•ral shapes are those nor-
11

rnally available as standard items from stee2 suppliers, and include

rolled beams and colimn sections. Such sections can function under

direct or flexural loading as individual structural members, or can be

combined to form rectangular and segmented bents. However, because

of the myriad combinations which beco=ne possible, this study does not

include an investigation of built-up or "sandwich" sections.

Yield strengths and primary failure modes, rather than deflection

or stability criteria, are assumed to govern the design of the steel ele-

ments. Earlier investigations have indicated that the yield stress of a

structural steel beccrnes greater at increased rates of load application. 1 13

I*.ti3 ;elationship becomes of particulair significance when blast loadings are

considered. In this study, the dynamic yield strength (') of a low-

carbon steel i- fiexure and in direct tension or compression is postulated

to be approximately 1. 25 times its yield strength under a comparable

static loading If y 1, 14, 15, 16 This postulate of a dynamic strength in-

crease is not extended to the high-strength, heat-treated steels. For

such steels, typified by 60, 000 psi rlled shapes and 100, 000 psi plates,

the relationship fdy = fy is assumed. The same shear-strengt, relation-

ship (fdy = 0. 60 fdy) is prcposed for the dynamic loading of all types of

structural steel. Table 2-1 supplies a grouping of typical structural

steels, based on the dynamic yield strengths adopted for this study.
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Table 2-1

GROUPING OF TYPICAL STRUCTURAL STEELS
ACCORDING TO DYNAMIC YIELD STRENGTH

Minimum Static Assumed Dynamic

Structural Yield Strength Yield Strength

Category Identification (fy, psi) (fdy' psi)

Heavy Shapes ASTM A-7, 33,000-36,000 44,000
A-36

Heavy Shapes ASTM A-242, 42,000-50,000 52,000
A-440*, A-441

Heavy Shapes 60,000 60,000

Plates ASTM A-7, 33,000-36,000 44,000
A-36

Plates ASTM A-24Z, 50,000 60,000
A-440, A-,441

Plates Heat Treated 100,000 100,000

°'ASTM A-440 is not recommended for welding.

2.2.2 Cost of Rolled Structural Shapes

Table 2-2

IN-PLACE COST OF ROLLED STRUCTURAL STEEL SHAPES,
DOLLARS PER POUND

(Xs =$/Ilb)

D znamic In-Place Cost, $/lb
ASTM Yield Stress, Wide-Flange I-Beam

Designation fdy' psi Sections Sections

A-7, A-36 44,000 0. 183 0. 188

A-242, A-440, A-441 52,000 0. 199 0.204

60,000 0.202 0.207
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2. 2. 3 Cost of Uniform-Thickness Plates, Curved

Table 2-3

IN-PLACE COST OF UNIFORM-THICKNESS CURVED STEEL PLATE,
DOLLARS PER SQUARE FOOT OF CURVED SURFACE

(Xs = $/sq ft)

In-Place Cost, $/sq ft

Singly-Curved Plate Doubly-Curved Plate

Thickness fdy = fdy = ff d dy = fdy = f dy
of Steel 44,000 60,000 100,000 44,000 60,000 100,000

Plate, in. psi psi psi psi psi psi

3.00 55.00 59.50 - -.

2.50 42.75 46.00 - -.

2.00 33.00 35.50 - -.

1.50 22.95 25.50 - -.

1.25 18.55 20.50 - - -

1.00 14.35 15.75 20.60 20.00 21.65 25.70
0.75 10.20 11.25 14.45 13.37 14.60 18.20
0.50 6.08 6.70 8.90 8.22 8.95 11.40
0.25 3.21 3.53 4.45 4.45 4.84 5.90

2.2.4 Cost of Corrugated Steel Plate, S~iigle-Curvature

Table 2-4

!N-PLACE COST
SINGLE-CURVATURE CORRUGATED STEEL PLATE,

DOLLARS PER SQUARE FOOT OF CURVED SURFACE (Xs $/sq ft)

In-Place Cost, $/sq ft

Gage No. fd - fd
of Steel Plate 44,000 psi 60, QO psi

12 2.84 3.30
10 2.94 3.43

8 3.18 3.70
7 3. 33 3.88
5 3.75 4.40
3 4.10 4.80
1 4.32 5.05
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2.3 STEEL REINFORCING ROD

2. 3. 1 Strength Properties

The requirements for structural steels in blast-loading applica-

tions arein general, equally applicable to concrete reinforcing steels.

Table 2-5 lists the standard types of reinforcing bars and their corres-
17

ponding static yield stresses, as set forth in ASTM standards. Four

levels of dynamic yield strengths, - 44, 000, 52, 000, 60, 000 and 75, 000

psi, - are considered in this study. The 44, 000 and 52, 000 levels cor-

respond to reinforcing steels with static yield strengths of 36, 000-40, 000

psi and 40, 000-50, 000 psi, respectively. No dynamic increase in yield

strength is assumed for reinforcing steels with f = 60, 000 psi (ASTMy.
432) and f = 75, 000 psi (ASTM 431), since the limited ductility of these

steels may affect their plastic behavior. All types of reinforcing stee.L

should have their full continuity ensured by provisions for adequate lap-

ping and by welding. Members with both top and bottom steel, adequately

tied, will have greater ductility than singly-reinforced members with an

equivalent quantity of tension reinforcement, hence are favored for blast-

resistant design. For such members, which are described as "doubly

reinforced", the quantities of reinforcement steel in top and bottom need

not be the same. Shear reinforcement for flexural members, where re-

quired, should be placed normal to the bending axis.
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Table 2-5

KINDS AND GRADES OF REINFORCED LARS
AS SPECIFIED IN ASTM STANDARDS

Type o' Steel Size IStatic Elongation
amid ASTM No$. Gzade Yield Point in 8", Min.

Specification No. Inclusive Designation Min.. psi Percent (1) Cold Bend Test(2)

Billet Steel Z to 11 Structural 33,000 1 200 000 Under Size No. 6 - 180', d a Zt
A-I1S ' fir. Noe. 6,7,8 - 180*, 4 3t

MW. 16% Nos. 9,10,11 - 160', d 4a4

Intermediate 40. 000 1.1004000 Under Sice No. 6 - 90', d a 39
wons.btr. Nos. 6,7, 8 - 90*. d 4a
Min. 12% Noe. 9,10.11 - 90. d aSt

Hard 50.000 1,000, 000 Under Size No. 6 - 900 d a 4t
Tens. Sr. Noe. 6,7,8 - 90'. d a St

Nos. 9,10.11 - 90, d a 6t

Billet Steel 145, 1885 Structural 13 None

A-408 Intermediate 10 None

Hard 7. None

Billet Steel 3 to 1i (3) 60, 000 1,000,000 Under Size No. 6 - 90%. d a 4t
60, 000 psi Tens.str.. Nos. 6, 7,8 - 900. d a St
Yield Point Noe. 9,10,11 - 900, d4 6t
A-432 145. 188 (3) 60,000 7 Nos. 148,188 - None
High Strength 3 to 11 (3) 75,000 Varies SizeNos. 3,4,5 - 90', d a 4t
Billet Steel 148, 18S with bar Noe. 6,7 - 90%, 4 a St
A-431 size. 5% No. 8,9 - 90, d a 6&

to 71/2% Noe. 10,11 - 90. d4 at
Nos. 14S. 185 - None

Rail Steel 2 to 11 Regular 50, 000 1,000, 000 None

iMin. 51%

3 to 11 Special 60.000 1,000., 000 None
Min. 55%

Axle Steel 2 to 11 Structural 33, 000 1. Z00,'000 Under Size No. 6 - 180'. d = It
A-160 en-s-. r. No. 6 and over - 180", d a 40

M~in. 16%
Intermediate 40,000 1. 100, 030 Under Size No. 6 - 1800. 4 a 61

SNo. 6andover - 90%. dm 61
Mdin. 121%

Hard 50,000 1 000 000 Under Size No. 6 - 90', d a 61
_ ______ ;__. No. 6andover - 900, 4. 6t

(1) For base sizes of deformed bars. See specifications for adjustment for small and large sizes and
for values for plain bare.

(2) d diameter of pin around which specimen is to be bent, and t nominal diameter of specime&t.
Values shown are for deformed bare. See specifications for values for plain bars.

(3) DesignAted by specification title and number.
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2.3.2 Cost

Table 2-6

IN-PLACE COST OF STEEL REINFORCING ROD,
DOLLARS PER CUBIC FOOT OF STEEL

(Xs = $/ft 3 )

Flexural and Shear Reinforcement
Temperature Steel (Vertical Stirrups)

f= 44,000 f = f =44,000 f =

Structural dy ody dy to dy
Element 60, 000 psi 75, 000 psi 60, 000 psi 75, 000 psi

Slabs, beams,
columns, walls,
foundations 78.8 85.8 92.5 100.5

Shells 85.8 100.5 Not Not
Applicable Applicable

2. 4 PRESTRESS STEEL

2.4. 1 Strength Properties

The initial stress in prestress steel is applied during the con-

struction period and subsequently affects the concrete as a long-term

static loading. This is true even in blast-resistant structures, since any

dynamic loading less than the design load will only act to relieve the initial

loading due to the prestressing forces. It is obvious that a dynamic in-

crease in material strength is not justified when the maximum loading is

the long-term prestressing load. Prestress steel is available in both

strand and bar shapes. In addition, several strands can be woven into

large tendons when required. Strand is particularly suited for use with

shell elements, since its flexibility allows it to be readily developed into

curved shapes. Table 2-7 lists representative prestress strand and bar

sizes, as well as the ultimate and allowable strengths recommended by

manufacturers and by the current code of practice. 18,19,20
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2. 4.2 Cost

The in-place unit costs of prestress steel are based on the assump-

tion that material purchases are made ;n greater--than 40, 000 pound lots

*" for single shipment to a single destination. Costs of prestress steel are

related to strand size, and may vary by as much as 30 percent over the

size-ranges cited in Table 2-8. However, this wide cost variation is a

function of current demand rather than of inherent limitations in the man-

ufacturing process.

Table 2-8

IN-PLACE COST OF PRESTRESS STEEL (Xs)
sp

Strand ($/ft)

Size ASTM Standard K-270

1/4 0.060

5/16 0.089

3/8 0.110 0.111

7/16 0. 144 0. 145

1/2 0.178 0.190

Bar ($/lb)

Regular (145 ksi) Special (160 ksi)

all sizes 0.32 0.36

All prestress steel is assumed to be uncoated. When used as an

external wrap, strand protection is provided by a 2 in. thickness of gunite

at a cost of 0. 30 $ per sq ft.

2.5 STRUCTURAL CONCRETE

2. 5. 1 Strength Properties

Expressions for flexural and shearing resistances of reinforced

concrete members are included in the design equations of this study. The

ultimate compressive strength of reinforced concrete, for conditions of

dynamic blast loading, is taken as 1. 25 times its ultimate static strength
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(f dc 1. 25 V). 15,16,21 Lacking substantiating data, no dynamic strength
increase is assumed where shearing modes become of critical significance.

Walls, columns and shells are thus designed on the basis of an ultimate

dynamic concrete strength, f-dc, while flexural members are designed by

equating the ultimate static strength f' to the static-loading shearing
c

strength. The design values of fV ased in this stidy (and any, corres-C

pondingly derived values of f dc), are intended to be representative of-the

results of standard cylinder tests. The reduction factor of 0. 85,- which is

conventionally introduced when equating cylinder -test strengths to the in-

place strengths of structural members, has been accepted and is incor-

porated in the design equations of this report. The unit bond strength, on

the assumption that deformed bars with full anchorage will be used, is

taken as 0. 15 f' for all concretes.
c

The prestressing loads are applied to the concrete as a working

load during the construction period. These loads will continue throughout

the entire life of the structure, and blast loadings of lesser magnitude will

only serve to reduce them. However, the long-term effects of creep,

plastic flow and corrosion on initial prestressing requirements must be

taken into c-nsideration. Since the governing load is statically-applied

and is of long duration, the conventional compressive design strength of

0.45 f' is used as the limiting value for compressive stress in all pre-c 2

stressed concrete elements. 20 Some tensile stress is considered as

permissible in the concrete itself, if due to blast loading, but is limited

to a maximum value of 3'VITc. Future experience and test data may

eventually indicate the use of higher stresses in prestressed concrete but,

for the moment, the rather conservative approach outlined herein appears

to be advisable.

2.5.2 Cost

The estimated in-place costs for structural concrete are based on

a ready-mix concrete which is hauled within the radius of the Chicago

Metropolitan Area. If bucket placement is required for all structural

elements. the costs shown for chuted concrete should be increased by

five cents per cubic foot.
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Table 2-9

IN-PLACE COST OF READY-MIX CONCRETE,
DOLLARS PER CUBIC FOOT OF CONCRETE

(X = $/ft3 )

Ultimate Strength Chute Placed Bucket Placed
of Concrete, psi Slabs and Walls, Columns

Static, f' Dynamic, f' Beams Foundation and Shells
c dc

2000 2500 1.09 0.95 1.00

3000 3750 1.14 1.00 1.05

4000 5000 1.21 1.08 1.13

5000 6250 1.29 1.16 1.21

6000 7500 1.37 1.25 1.30

2.6 CONCRETE FORMS

Form work costs, at their best, are still the least dependable of

the values quoted in this section. The cost of form work may vary more

than 200 percent on identical structures, depending on the contractor's

ingenuity and ability to organize and supervise this phase of construction.

The unit costs for forms, as indicated in Table 2-10, are based on a mini-

mum of two uses of the form material.

Table 2-10

IN-PLACE COST OF FORMS FOR CONCRETE,
DOLLARS PER SQUARE FOOT OF CONCRETE SURFACE

(Xf = $/sq ft)

Description of Member In-Place Cost of Form Work

Slabs and Beams 0.88
Walls and Rectangular Columns 1. 00
Circular Columns 1. 10
Shells

Barrel Arch 1.05
Domes and Cylinders 1.40
Sphere 1.75

Foundations 0.75
Slab Poured on Ground 0.60
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2.7 EARTHWORK

It is assumed that open-cut excavation, with 1:1 side slopes, will

be accomplished by scraper and tractor units. If conditions are such that
- shovel excavation is required, the unit costs listed herein should be in-

creased by 40 percent.

Table 2-11

IN-PLACE COST OF EARTHWORK,
DOLLARS PER CUBIC FOOT

(Xe = $/ft3 )

Earthwork
Item In-Place Cost of Item

Excavation 0.036

Backfill 0.033

Haul of Waste 0.026

Total 0.095

2.8 MISCELLANEOUS

2. 8. 1 Stairs

The cost of entranceway stairs is expressed in terms of the cost

per step, for stairways providing one to four traffic lanes (Chapter 3).

One lane - $18. 00 per step

Two lane - $30. 00 per step

Four lane - $35.'00 per step

2. 8. 2 Roller Supports for Blast Doors

Door Material Cost, $/Door

Steel nL (50 + 30 t)

Concrete 30 nLD
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where

t = thickness of steel plate, in.

D = thickness of concrete slab, in.

n L = required number of traffic lanes

2. 8. 3 Blast Door Latch

Door Material Cost, $/Door

"Steel n (50 + lot)

Concrete nL (25 + 10D)

2.8.4 Emergency Exit

The emergency exit consists of a 4ft-0 in. inside diameter vertical

pipe made of longitudinally prestressed concrete and containing a steel

ladder. The installed unit cost of this exit is taken as 14. 00 $ per ft.

2. 8. 5 Flexible Metal Section Joints

Flexible shelter entranceway section joints are constructed of No.

10 gage steel plate in the form of a cold spring. These joints are to be

designed to accommodate an 18 in. relative displacement between sections.

The installed unit cost is taken as 2. 90 $ per sq ft.
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CHAPTER 3

TRAFFIC CAPACITIES OF SHELTER ENTRANCEWAYS

3:. 1 INTRODUCTION

.3
A comprehensive review of pedestrian flow rates, both observed

and predicted, was prepared by this organization, in 1958, for situations

which are physically analogous to those occurring in shelter entranceways

(stairs, ramps, corridors, etc.). A subsequent report by Newr; ark4 utilized

this earlier study, supplementing findings by more recent experimentaldata
22

(the applicable provisions of the current National Fire Codes ) proposed

specific recommendations for use in traffic analyses of shelter entrance-

ways. These two studies are the major sources of the dimensional and

traffic criteria discussed in this chapter, and the reader is referred to

them fnr additional detail.

The unit-of-exit-width concept, as developed in the National Fire

Codes, is immediately applicable to the geometric analysis of a shelter

entranceway. Here the unit of exit width is defined as the width necessary

for the free movement of a single file of persons. The stipulated dimen-

sional requirements of the unit of exit width will vary with the specific

details of the exit passageway (railings, headroom), and are also related
2z

to the total number of exit units which are contained in each passageway.

The theoretical maximum capacity of the unit of exit width, while not defined,

would correspond to some optimum combination of pedestrian velocity and

of pedestrian concentration. These optimum values will vary with the details

and physical forms of the stairway, ramp and level corridor.

Maximum permissible design rates (persons per min) are specified

in the National Fire Codes for each major traffic element of an exit system.

This automatically suggests a design procedure whereby alternative

arrangements of stairway, corridor and doorway units of exit width are

examined. That combination is then selected which, when all design aspects

are evaluated is considered to beat satisfy a specified requirement for total

exit capacity. With the exception of half-units, fractional unitozz
of exit width are not recognized in such analyses. There has been
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some interest in exploring the relationships between "peak" and "average"

pedestrian rates in both entranceway and exit facilities.

3.2 TRAFFIC RATES

For the shelter entranceways considered herein the babic t'affic

elements will consist of stairs, doorways, and corridors. The last of

these elements may be level,or, where small changes in elevation are

required between entranceway components, may be inclined and thus

function as a ramp. All of these traffic elements, assuming that the

specified dimensional criteria can be satisfied, are physically analogous

to those normally considered for fire exits. For this reason, it is logical

to postulate an entranceway layout whereby each traffic element contains

one or more units of exit width. The elements of the entrancewiy, follow-

ing the general procedure described for the fire exit design, would then be

sized to accommodate the anticipated traffic flow.

Even conceding the validity of the unit of exit width approach, it

should be recognized that the traffic criteria accepted for fire exit design

may not be entirely applicable when shelter entranceways are considered.

The traffic capabilities .,f the entranceway should be such that, within the

obvious limits set by t., capacity of the shelter itself, all people who

arrive at the shelter location prior to sealing of the blast door are able to

enter. It follows that the details of the entranceway design should facilitate

the passage of a single person in as brief a time as possible. Its total

capacity requirements will be established by the shelter size, the warning

time, and the time-distributions of the arrivals at the shelter location.

This situation is somewhat different from that considered for the typical

fire exit, where the design population is concentrated near the exit system

and where all exit movements must be completed within a few minutes

following the alarm.

The implicit requirement for minimum travel time through a

shelter entranceway can be recognised, but is largely beyond the control

of the designer. The geometric layout of the entranceway will be estab-
lished by the location of the shelter and by the need for attenuating blast

loadings and radiation streaming. Obviously, a minimum of one unit of
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exit width should be supplied in each traffic element of a shelter entrance-

way. The requirement for total entranceway capacity is much more diffi-

cult to assess, since only the shelter capacity will be known with any cer-

tainty. However, a rational determination of shelter design capacity will

itself include prior considerations of population location and of warning

time. The criteria used in establishing the entranceway capacity should

obviously be consistent with those used in specifying the shelter capacity.

It is appropriate at this time to examine the conclusions reached by

other investigators as to suitable design traff-,. rates for entranceways and

exits. These rates, in all cases, are related to the standard unit of exit

width. The National Fire Codes22 recommend design rates (presumably a

weighted average) cf 60 persons per minute for level exits and 45 persons

per minute for stairs. The Armour Researcn Foundation3 (now IIT Research

Institute) has analyzed pedestrian-movement data, and as a result has pro-

posed average and peak rates o-L 50 and 70 persons per minute for level

corr'.orE. A possible peak rate of 80 persons per minute was computed

for stairs, while ramps of less than 10 percent slope were found to have

about the same capacity as level corridors. Newmark, 4 after evaluating

these and subsequent findings, proposed average and peak rates of 40 and

50 persons per minute for stairs, 50 and 70 persons per minute for level

corridors, and 50 to 70 perscns per minute for ramps with slopes below

10 percent.

These data, despite their admitted deficiencies, indicate rather

minor spreads between the average traffic capacities of each traffic ele-

ment. An examination of their peak traifla capacities leads to a similar

conclusion. Further, it can be nostulated that rather similar relationships

exist between the predicted average and peak traffic rates for each traffic

element. When appropriate recognition is given to the many uncertainties

involved in any estimates of population movement under attack-threat

conditions, plus the inherent differences between the fire exit and shelter

entrance situations, there appeal s to be a reasonable jus"Aifcation for still

further generalizatioki of thest desigr, criteria, Therefors, it is proposed

that a design capacity of 50 persons per minute, per unit of exit, width, be

assigned to all portions oi a shelter entranceway without further consideration
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I+j of the specific traff-ic elements ieivclved. This autcina icalty leads to the

concept of an entranceway traffic lane, whereby the sever . traffic elements

(stairs, corr:dors, doorways and ramps) are series -connected to provide

a uniform design capacity-of 50 perscns per rni=n;te per t-raffic lane or unit

of exit width.

3.13 DIMENSIONAL CRITERIA

It, -- ow becomes possibl-e to list the conrtricfling d-imensional require-

itents for various lan-e-widths in entrainceways, which, in effect, merely
22involves a listing cf the code requiiremnents defining single and mialtiple

units- of exit for each entranceway element. Talble 3-1 li-sts the minimuma

dimensional requiremnents, exclh.dinig mnincr provisions for docrways and

Jambs, which are applicable to intericr port:ions of the entranceway.

Table, 3-1

DIMENSIONAL CRITERIA FOR ENTRANCEWAY ATRAFFIC LANES

Enraceay One-Lane Tw-aeFour-Lane

Element Width Height Width He i ght Width Height

Stairway 21-611 71-011 3-8" 71-011 7 1 -4"0

Door l'-lo" 6-1 31-811 61-61, 71-4"1 6-1

Corridor 21-611 V-O1" 31-811 71-91 71-41' 1G

Stairway riser and run di'mensions are limuited to a -maximum of

7-3/4 in. for the ri-ser- and a minimum of 9-li/in for the run. The maxi-

mum elevation difference between landings is lim-ited to 8 ft-6 in. except
where L2.ast attenuation requirem-ents, as disuse ir hpe ,ncsi

tate a greater height difference. Landing widths are restricted to a mini-

mum of 1 ft-7 in.

Further research, probably of an experimental nature, could be

used tc establish the velocity -capacity distri~bution functions for traffic

elements of an entranceway. For example, additional studies could be

made of representative population dispersions adjacent to prospective
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shelter locations, and pedestrian mobilities could be examined in simulated

attack situations. The findings of these studies would then be used in estab-

lishing the probable time -accumulatioa functions, both within the entrance-

way and exterior to it. Nevertheless, estimates of warning time will always

remain conjectural, -nd may extend from a few minutes to several hours or

days. A lower estimate of probable warning time is conservative from the

standpoint of shelter utilization, since actual warning time in excess of that

postulated for design purposes should not be detrimental. However, since

there is obviously a relationship between warning time, loading time and

the required entranceway capacity, an Under-estimate of probable warning

time may lead to greater entranceway costs. Intuitively, we may feel that

there is adequate justification for providing a generous degree of entrance-

way capacity. This approach, admittedly, is uncertain at best and becomes

meaningless in any rigorous economic study.

3.4 ENTRANCEWAY CAPACITY RELATED TO SHELTER CAPACITY

In this section an attempt is made to relate the entranceway capacity

requirements, expressed in terms of required number of traffic lanes, to

the theoretical capacity of es'-h shelter. In Section 3. 2 it was suggested

that both the average and the peak pedestrian traffic rates obtainable in an

entranceway could be considered as singular functions of the units of exit

width, without further examination of the traffic elements which contain

these width units. A constant traffic rate of 50 persons per minute lane

was also proposed for design purposes, and this would then be considered

as the practical capacity of a width unit. Therefore, it is of interest to

explore the implications which are introduced by this assumption of a

constant design rate.

A plot of arrivals versus arrival-times would,, for any sheltear,

assume some form of a distribution curve. The elapsed time prior to the

first arrival would be dictated by the travel time required for the closest

person to reach the shelter. Subsequent arrivals would be distributed over

some finite time period, which would end either when the explosion occurred

or when the last person reached the shelter. For intermediate times, the

arrival-accumulation would vary somewhere between a uniform and a

peaked distribution.
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Two different conditions can thus be identified, and should be recog-

nized when establishing the requirements for entranceway capacity. If the

duration of warning time appears critical, the entranceway capacity could

be sized to allow each person to pass directly into the shelter without

queuing or any similar delay. A precise design solution for this situation

would require estimates of the time-accumulation distributions of shelter

arrivals. Also, thi lane capacity of the shelter entranceway should then

be expressed as a time-density function rather than as a single design rate.

The second condition arises when the elapsed time from first warning -to the

arrival of the last occupant is significantly less than the total warning time.

In this latter situation, by controlling queuing outside the shelter and enforc-

ing an orderly movement of people into the entranceway, the entranceway

capacity could be sized to accommodate the average rate of arrivals rather

than the peak rate.

For purposes of this study, a shelter loading period of five minutes

will be assumed to be adequate for all designs of interest. This represents,

when used in this context, a weighted estimate of the effective elapsed time

between the first and last arrivals at the shelter location. The assumption

of a five minute loading period, .if combined with an estimated requirement

of ten minutes prior to the arrival of the first person, is compatible with a

15-minute total warning time. Next, it will be assumed that the derived

design rate of 50 persons per minute per lane can be e-plied as an average

rate over this five minute period. By implic'ation, this suggests that the

unknown distribution function for the time-arrivals at the shelter location

would be similar to the unknown velocity-capacity function which would

describe pedestrian movement within the entranceways, While this last

assumption has no adequate verification, it does supply a convenient basis

for design. We can thus state,

n N (3-1)

where

nL required numbe-. of iraific lanes

N design population of shelter.
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Extensioi. of Eq. (3. 1) to the three shelter capacities considered in

this study yiclds the entranceway lane requirements listed in Table 3-2.

Table 3-2

REQUIRED NUMBER OF ENTRANCEWAY LANES
AS A FUNCTION OF SHELTER CAPACITY

(assuming a loading time of 5 min and an average
traffic rate of 50 persons /min/lane)

Design Capacity Required Number of
of Shelter, Entranceway
N Persons Traffic Lanes

100 1

500 2

1000 4
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CHAPTER 4

DESIGN CRITERIA FOR BLAST LOADING

4. 1 INTRODUCTION

The detonation of a nuclear weapon, unless occurring at a consid-

erable distance below the natural ground surface, is accompanied by the

formation of an air blast wave. Within a fraction of a second after such an

explosion is initiated, a high-pressure wave is rapidly propagated outward

from the fireball. In its ideal form, this pressure wave advances with a

sharply-rising pressure front, known as the shock front, which exhibits

a decreasing pressure gradient in the direction of its propagation center.

The initial velocity of the travelling front is many times that of a sound

wave in air. Both the wave veiocity and the peak pressure in the wave front

exhibit a time-dependent decay as the blast wave advances. 6

At some distance removed from ground zero, the exact value of

which is related to the burst height, the ground-reflected pressure wave

induced by the shock front will merge with the direct pressure wave. This

combined pressure wave is characterized by a near-vertical wave front

and by peak pressures which may be two or more times those which would

occur without ground reflection. It is this Mach region which is of primary

interest to the designers of blast-resistant structures. The blast condition

which it represents can conceivably be present throughout all or most of a

region of blast destruction, and will then represent the worst-case loading

condition for structural analyses. 6,16

An actual blast environment may constitute less-severe loading

conditions than those implied by an assumption that the structure is located

in an idealized Mach region. A structure designed for a specified range.-

yield relationship may actually be located in the regular reflection region of

a high-level burst. The peak loadings on the structure would then be sub-

stantially lestj than the Mach region loading which is assumed for design

purposes. Also, while the ideal blast wave provides a severe structural

loading condition because of its nearly-instantaneous rise time, an actual

shock front may advance in a "nonideal" form with a significantly-delayed
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I
rise time. 6 These or similar modifying conditions could exist in an actual

attack situation and would result in appreciable departures from the struc-

tural loading conditions implied by the ideal blast wave assumption. There

appears to be no way of incorporating these nonquantifiable probabilities

into a generalized structural analysis, other than to note that their usual

effect would be to reduce the actual loading on a structure.

4.2 BLAST LOADING ON STRUCTURES

There are three aspects of the blast wave which are of primaryj

interest in structural analyses. The first of these is that pressure0conven-

tionally expressed as the excess over ambient atmospheric, which is present

at the front of the blast wave. This excess pressure, commonly referred to

as overpressure, is propagated as a pressure pulse. Viewed at some point

removed from the explosion center, this overpressure pulse is characterized

by a finite time prior to its arrival, a near-instantaneous rise to a peak value,

a time-dependent decay to below ambient atmospheric pressure, and a more

gradual return to ambient pressure. A one-parameter description of the

overpressure pulse at any ground range is commonly supplied in the form

of its peak pressure intensity, pso, as measured by a side-on gauge. A

structure in the path of the advancing overpressure pulse will experience a

dynamic loading as the pulse impinges on i..s near face andsto some extent,

is reflected from it. The magnitude of the reflected pressure on an exposed

stru.-..'iral face is related to the face orientation with respect to the front of

the advancing wave, and for specific situations can become very large.

This theoretical peak pressure, p r due to the reflection of the blast wave

can be computed from the Rankine--Hugoniot equations. These equations

are based upon the conservation of mass, energy and momentum of the

shock front and are r.pplicable in the Mach region of an ideal shock front.

For air of moderate temperature, the peak-reflected pressure on a vertical

plane due to zero degrees incidence of the shock front is given by 6

Pr s 7 Pa + 4pso(41)

where
Pr = peak reflkcted pressure ,,r zero degrees incidence

of the shock front, psi

Pao = peak overpressure immediately behind the advancing I
shock front, psi

Pa ' ambient atmospheric pressure ahead of the shock front, psi

liT IESIAICH iNSTITUTI

4-2



The terms of Eq. (4-1) are valid only for zero degrees incidence,

since the ratios of pr /Pso will differ for other incidence angles (for example,

Fig. 3.71 b of Ref. 6). The actual peak magnitude of the air blast loading on an

exposed structural face is a function of the free-field overpressure and the

face orientation. It is significant, however, that values of this peak reflected

pressure, pr, for zero degrees incidence can range between twr and eight

times the value of the peak side-on overpressure, P. 0 . The time-dtcay

from this peak loading, since the overpressure pulse rapidly engulfs a

structure of typical dimensions, is related to the shape and geometry of

the exposed structural face. In an actual structure, the various elements

are sequentially loaded in a time-dependent manner as the blast iront is

first reflected from the front face and then sweeps over and around the

structure. The structural requirements are dictated by the several responses

to this loading sequence.

From Eq. (4-1), it was seen that the peak value of the reflected wave

can be appreciably in excess of the value of two which is theoretically as-

sociated with complete reversal of a stress wave. This excess loading is

attributable to a change in momentum as moving air particles are reflected

at the structural barrier. The shock wave, as it propagates outward from

the explosion center, is accompanied by blast winds whose peak velocities

may reach hundreds of miles per hour. An air velocity gauge at some range

from ground zero will show a finite arrival time, a rapid rise to a peak

velocity, and time-dependent decay characteristics which are rather similar

to those described for the overpr-,-t•re pulse. For an idealized blast wave

in air of moderate temperature, assuming that the structure of interest is

located in the Mach region, the theoretical value of the peak dynamic pres-

sure produced by the blast wind momentum can be related to the peak over-

pressure through the Rankine-Hugoniot equations.

I ÷~

where
pd = peak dynamic pressure due to the blast winds

acc:pmpanying the shock front, psi

pso = pc overpressure immediately behind the advancing
shock front, psi
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Pa = ambient atmospheric pressure ahead of the shock front, psi

Alternatively, Eq. (4-2) can be expressed as the ratio of peak

dynamic pressure to peak overpressure

Pd 2.5 1 (4-3)
PSO + 7 pa/p so

Equation (4-3) indicates that, for peak overpressure in excess of

approximately 70 psi, the numerical value of the peak dynamic pressure will

theoretically exceed that of the peak overpressure. There 's some current

experimental evidence, however, which suggests that the actual dynamic pressures

associated with moderately high overpressures (perhaps "n excess of 50 psi)

may be significantly greater than the theoretical values predicted by the

Rankine -Hugon.ot equations.

In this study-, the dynamic p-!essures produced by the blast winds

are of interest only by reason oi the loadirgs which they imnpose on a struc-

ture in their path. A portion of this loading iF due to the reflection of

moving air particles as they encounter a structural barrier, and is incor-

porated in the expression for peak reflected pressure (Eq. 4-1). A second

c:omporent of blast wind loading results from friction or drag forces as

the blast winds sweep across a structure in their path. The magnitudes

of these transier' loadings are related to the characteristics of the blast

wind (primarily its time-variation in velocity) and to the pertinent building

characteristics (shape, orientation, size). The interaction between the

blast wind and a. building is frequently expressed in the form of a drag

prersure on a structural elementwhich is computed bý the following equation

Pdr C ( dr Pd (4-4)

where

pd " drag pressure on: rhe structural element considered,

Cd, irag coefficient, uniquely related to the orientation,
shape and size oi the exposed structural face

pd •peak dynami, pressure due to the bli.• winds
iccompanVlng the shock front, psi
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A third loading mechanism of design interest results from the

energy transfer as the blast wave advances over the groUnd surface. The

blast wave, as it propagates outward from the explosion center, will impose

dynamic loadings on the ground surface. These loadings can be expected

to initiate stress waves within the soil mass. However, the pertinent

properties affecting the velocities of stress wave propagations are appreciably

different for air and soil media. Near ground zero, due to its high initial

velocity in the region of the fire ball, the velocity of the air shock wave is

many times that of the stress waves induced in any type of soil. Eventually,

depending on the distance from ground zero and on the particular type of

soil, the velocities of both waves become equal. Subsequently, the induced

wave in the ground will outrun the air blast which initiates it.

The air-blast induced ground loadings are of particular interest in

the design of fully-buried facilities, since these structures are not directly

exposed to the blast wave. Many important aspects of the load-response

mechanisms of a buried structure in a stress-wave environment are still

unknown. While it ib customarily assumed that the transfer of blast loading

through shallow depths of soil is not accompanied by significant energy

losses, there are obvious possibilities that the prei.sure wave form, and

thus the loadings imposed as the pressure wave interacts with a structure,

may differ for air and earth media. Also, the load-response of a buried

structure is certainly influenced by the characteristics of the surrounding

earth.

Analytical studies have considered the possible orientations of the

induced ground pressure wave, recognizing the various soil types and the
14, 24

positions of buried structures. These studies have indicated a time-

dependent sequence of structural loading, which is somewhat modified

from the time-dependent loading sequence as projected for a similar

above-ground structure. Solutions so obtained are unique for each as-

sumption of soil properties, structural dimensions, and blast characteri.ticsl

however, their use is impracticable in a generalized analysis. When

recognition is given to such unknown factors as bomb positioning relative

to the shelter location, and form of combined soil-structure response to

blast-induced ground-pressure waves, there appears little justification for
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any elaborate analytical approach. Consequently, while recognizing that

the actual structural requirement's could be appreciably different from those
developed in a simplified analysis, it is assumed that th e loading on hori-

zontal sugrfaces of a fully buried structure can be represented as a step-

loading wIth linear decay. The step loading initial magnitude is equal to

that of the peak overpres sure at the ground surfac-e. Depending on the

specific soil type, the loading magnitude on vertical surfaces is generally

taken as somewhat. less than this. All curvee surfaces are treated similarly
to horizontal surfaces. 23The loadings on all surfaces are assumed to be

dynamic in nature, applied simultaneously and acting normal to the structural

surfac(. The possibility of rigid body acceleratiorns and displacements of a

buried structure in regions of high overp-ressure is re ognized, 23but
specific consi-deration of such effecta is not -included in this study.

There is little real anderstarnding of the actual load response me-

chanisms which prevail when a buried structure is subjected to blast

induced earth pressures. We hav,,e dessribed the common assumpt-ion that

the peak dynamic loading (p on such a str;._:ture is related only to the

surface overpressure (p so) and~through the soil type (k h), to the orientation

oi each structural face relative to the ground surface. A further analytical

mpiifc~on:an be introduced by replat;'ng each simplified dynamic load

by- an equivalient static load, (q '. These static loads, as was the case for the

simplifie,4 dynamic loads, are assumed to be applied uniformly over the

structural member of interes. The magnitude of the equivalent static load

is determined by the requirement that the reEsponse o-. the structure, expressed

in termfli of its etas to- plastic Yieldirng, must be the same for the simplified
dynamic and equivalent static lot'.t . This i'ntrodtý -es thec 0 on -. ept of the

ductility ratio,ka , which it def~r~ed tot ea~ch s tr-jtti-e or stru-..ural member

as the ratio of .7s total aliowable yield Ce~astlic and patlprior to some
defined faIlure, Io ý.ts mayumum vielding in the elastic !'arge. (See Table 1-1
for typical values ofjm, as related to structural rnaterý'&l and con~figuration)

Figure 4-1. ':rom Fig. SD-S) 16shows the plotted rerponse of a one-
degree-of-ireedom eta-sto-plastic system to an lir.tial-pe~k triangular force
pulse. Since dmanaic loading is irnvoived, it is necessary to corsider both
the load dsrat on and the natural period of the system. Wher n~r interest is
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arbitrarily confined to those situations. where the load pulse duration. is

much longer than the natu'ral periods of vibration of the loaded structural.

members, it is reasonable to consider the loading as an infinite -duration

step pulse. This is assumed to be the case for earth -t ransmitted loading

due to the overpressure of the ground s~arface, since the eff-ective load

duration (for megaton. weapons) may be on3 or more seconds. This duration

is considerably longer than the natural periods of typical stiff load- resisting

elements, such as are frequently considered for blast- resistant applications.

A somewhat different condition may exist. whet, it is necessary to

consider the loadings imposed on a structure by reflected dynamic pressures.

Within ar. entranceway~for example,ari advancing blast wave, can be checked

by a blast cilosure arnd thu's be reflected back upstream. While the peak

magnitude of the reflected pressure loading or, the blast door may be very

large, its e-ýfective duration may be appreciably less than the natural period

of011.e loaided member. For such situat'lons, since the loading is removed

before the maximum struct-ural response has occurred, it is unduly con-

servatýýve to treat the loading as a step pulse.

In either event, by developing or postulati-ng the limiting relationships

betweer. the efiecýtive "Load duration and the nat-iral periods of vibration, it

ts poss.Ible to obtain uanique solut-ions rela~tng p~ 02P, sA and q. These

solutions are valid only within the limittiL of thL eea supin

which are 4-.c o rpo rated in their development. .'Lhus, once the duc:tility ratio

),.for a member is either krnown, or estimated, the ratio of its peak dynamic
loading to all e~q'aivalent 'AV., rmly-distribted static loading (p/q80q

or kh p5 0 /q f~or earth-transmitted loadin~g, and p /q -p /q for irnterior

reflected pressur Le loaiding) c-ar. be read direCtly from Fig. 4- 1.

A !ourth type of struct~ura.l load~ng, Lsimilar in rtia-,y ways to that

attributed to aix-b!Ast- i d-.:td gro-.nd presstires-. car' be experienkced by

bu.r~led struct-.,res io~et *-o- the c.rater region. oi a surface- or tviderground

explosiorn. In. these ý;ir.~zistarces. there will be d.rect transfet' of explo-

slo'n erergy to the &t4?rordi.jjg Soil mass.- The- earth prv%.zwr wavete thus

isit'atcd cir r of high trtenelty, b'-,t are conotdz~:ed to be. of limited range.

It is posoulated. f!o- porpo-.se of *.his current ~tttv. that thei r 16oading effect
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will not be of structural significance within the 10 psi - 200 psi overpres-

sure range of interest. in so doing, it should be recognized that the

possible effects of ground shock environments in sheltered personnel and

on shelter equipment may well merit more detailed attention in the later

design stages.

It is also sign-fiLant to note that it is conventional design practice

in a generalized blast loading analysis to assume that worst case loading

conditions are present for each major element of an exposed structure.

In simplified form, this means that the roof and each wall of an above-

ground structure are separately designed for zero degrees incidence of the

reflected pressure front in the Mach region of P.n ideal blast wave. Since

radically-different positionings of the explosion center are thus introduced,

it is obvious that no single weapon would produce the design loading on all

struc.vtural surfaces. Nevertheless, in order to obtain satisfactory assurance

that the entire structure will always withstand an overpressure loading of the

design magnitude, such an approach seems inescapable. One intuitively

suspects that a probability of structural survival is thus introduced, related

only to the attack conditions and totally distinct from any ancillary consid-

era*ion of material variability and analytical precision. Tb ere exi st

::•.;;e probabilities that a single structure or a group of structures could

actually withstand overpressure in excess of the magnitude assumed for

design purposes. Unfortunately, there appears to be no acceptable means

for describing those probability functions and incorporating them into a

structural survivability analysis.

4.3 CRITERIA FOR ENTRANCEWAY DESIGN

The entranceways of interest extend from the ground surface to a

shelter buried at some level below the ground. As a result, any abovegrourd

portions will be directly exposed to the p. ssing blast wave and thus must be

designr.ed to res'st overpressure and blast wind loadings. Except for those

entrarceway layouts where a blast-resistant door is located immediately

at the ground surface, the blast wave will penetrate into the interior of the

entrarceway. For these last situations, complex and time-dependent

sequences of nterior and exterior loadirg are imposed on the shelter struc-

ture. Any generalized analysis of the actual loadings lies beyond our current
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capabilities, and it is necessary to introduce several approximations in

order to obtain workable loading functions.

Studies at IITRI have indicated that the peak free-field values of the

blast wave components are modified, to a limited extent at least, when the

blast wave enters a tunnel. Figure 4-2 illustrates the experimentally-

determined relationships between peak overpressure in the free-field,

entranceway orientation relative to the blast front, and the fraction of the

peak overpressure which is transmitted within the tunnel. Although the

tunnel orientation with respect to the direction o.Z blast wave travel is of

importance, (Fig. 4-2) it is adequate for this study to assume a 45 deg inci-

dence angle between the entranceway axis and the direction of the blast

wave. A finite length of entrance tunnel is also necessary in order to obtain

the blast attenuations indicated in Fig. 4-2. Again for purposes of this

study, it will be assumed that this requirement is satisfied by a minimum

length-to-width ratio of 1. 5. In this definition the tunnel width is taken as

the largest cross sectional d.mension of the entranceway opening, while

the tunnel length is that of the entranceway upstream from the blast door.

Since the entranceway rr2ust be designed to withstand the maximum

loadings produced by an entering blast wave, it is necessary to recognize

the existence of transient reflected pressures within the structure. Such

reflections vIll occur at an interior blast door, at surfaces adjacent to

bends within the structure, and at all perimeter surfaces as the blast wave

penetrates and fills the entranceway. The precise natures of these pressure

increases, recognizing the time-pressure variations of loading and the

existence of multiple reflections, are extremely complex. Even when

rigorously-defined input data are supplied for a specific weapon burst and

structure, an analyti:al evaluation of load-response relationships is very

difficult. For the generalized analysis considered herein, where ranges

of attack conditions and entranceway conditions must be expressed in simpli-

fied form, certain approximations become necessary. It has been assumed

that interior reflected pressures can be estimated by assuming zero degrees

incidence between the pressure irort and the reflection face, and by applying

a modified form of the Rankine-Hugoniot equation to compute the peak

reflected pressure. With these assumptions, the peak interior reflected
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pressure is expressed as:

7pto + 4pa (4-4)
Pri a ' Pto 7Pto + pa

where
Pri = peak intensity of reflected interior pressure on any

structural surface within the entranceway, assuming

0 deg incidence between the overpressure front and
the structural surface

Pto =peak intensity of transmitted overpressure within the
entranceway, psi

"Pa ± ambient atmospheric pressure in entranceway ahead
of shock front, psi

It is now possible to relate peak interior reflected pressures, which

constitute a critical basis for entranceway design, to the free-field surface

overpressure at the entranceway location. This is accomplished by first

using Fig. 4-2 to obtain the transmitted overpressure which corresponds to

a specified value of the free-field overpressure and to a known (vertical plane)

entranceway orientation relative to the blast front. The peak interior re-

flected pressure is then computed with the aid of Eq. (4-4), and is assumed

to be acting normal to all interior surfaces which are located upstream from

the blast door. Interior bends are considered to have no discernible effect

in reducing the peak magnitude of this interior loading.

The exterior blast loading in the entranceway structure consists of

overpressure and dynamic pressure loadings on any above-ground portions,

as earlier noted, plus ground-transmitted loadings on the below-ground

portions. Since the entranceway provides pedestrian access between the

ground surface and a fully-buried structure, the empirical requirements16, 23
for full-burial will not be entirely s a t i s fi e d over some part of the

entranceway length. The portions so excluded can be expected to be somewhat

more susceptible to localized buckling and yielding, since by inference there

is insufficient earth :over to ensure the existence of uniform loading condi-

tions prior to their collapse.

The effective exterior loadings on the below-g;.ound portions of an

entranceway structure are highly indeterminate. The time-pressure charac-

terl.tics oi the blast induced pressure wave at the g round r u r face are
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probably modif-oed as the pressure wave progresses downward through the

soil. As a result, the rise time of the induced pressure wave and its related

ef`ý ct on a structure may be considerably changed from those implied by

the free-fL.eld relationships. rhe wave front orientation as the ground pres-

sure wave approaches a buried structure will also differ appreciably from

the Mach stem conditions at an above-ground structure, further contributing

to an altered loading sequence for buried structural members. It can be

expected that some reflection of ground pressure will exist at the soil-

structure interfaces.nce these media have different wave-propagating

properties. As the buried structure begins to deform under the ground

transmitted loading, the active and passive soil resistances which mobilize

adjacent to the different parts of the structure will further alter the require-

ments for structural load resistance.

While many or all of these effects may exist, they are not given

explicit recognition in the simplified analyses. Rather, the surface over-

pressure is considered to be transmitted directiy through any soil cover and

to be applied to the structure as an instantaneous load pulse. The peak value

of this normal loading is equated to the peak surface overpressure for both

horizontal and curved surfaces andsfor vertical surfaces, is reduced by a

tac~or kh whose value is primarily dependent on the soil type. Structural

stresses in other loading planes are largely ignored, as are specific con-

siderations of buckling and localized Vielding. These same assumptions

were used in the structural analyses of fully-buried shelters of 100-man

500-man and 1000-man capacity. 2 In this study, however, they are extended to

structural regions where the requirement for full-burial cannot be satisfied

While errors are thus introduced in estimates of structural loadings due to

externally-applied pressure, it is postulated that these will not be critical

if (as is usually the case for the entranceways considered herein) much

larger values of internally-applied pressure are s.multaneously present.

The several simplifications which are proposed for use in analyzing

the effects of blast loading on entranceways to fully-buried entranceways can

now be summarized. The shelter location is assumed to be in the Mach

region. ard critical overpressure-range-yield relationships at the ground

surface are determined accordingly. The free-field characteristics of the
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shock front are known to be modified when the bl-ast wave penetrates aný

entranceway, and this effect is recognized in Fig. 4-2. The relationships

shown on this figure are referenced to the orienlation of the entranceway

with respect to the blast front, and when applied to the free-field peak

overpressures will predict the values of the peak overpressures within

the entranceway. In applying these relationships, however, it is required

that the entranceway have a minimum length-to-width ratio of 1. 5.

The interior peak reflected pressure is calculated from the reduced

peak overpressure, using Eq. (4-4), and is cons-idered to be acting normal

to all interior entranceway surfaces which are located upstream from the

bll:.st-resistant door. The dynamic loading which .s thus imposed will

determine the structural design of the door and its supporting elements,

as will subsequently be discussed (Chapter 6). In addition, it will almost

invariably be found that this reflected pressure loading is sufficient to

control the structural design of all upstream elements of the entranceway.

Any passive earth resistance which acts on the exterior surfaces of these
elements, to the extent that it becomes operatve during the effective duration

of the reflected pressure loading, will tend to reduce the net loading and

hence the structural requirement. This mitigating effect is not recognized

.n this generalized study, however, since the structural yieldings necessary

"o d'-ielop significant passive earth resistance could become intolerably

large in many soil types.

The effective duration of the reflected pressure loading is related

both to the velocity of the pressure wave and to the interior geometry of the

entranceway passage. Any rigorous quanti'at've determination can become

highly complex but, as noted earlier, It can be reasoned that this duration

will be very brief. Commencing at appzoximately the same time as this

reflected pressure loading, but extending for significantly-longer durations

which are related primarily to the ('haricte rit.s of the design weapon,

all cxterior portions of the ertranceway struwture ate subjected to an

inwardly-directed loading whose magnitude is directly rel;ated to the peak

surface overpres-ure, P 9 0 " THs loading is applied normal tn all structural

G1Arfaces, and has a magrn.tude of pso for horizontal and for curved surfaces.

For vertical suria'ces the desigr load"-r,g is reduced to a value kh Pao' where
kh can range between -ero and inily. 1, A valhe of kh 0. 5 is assumed
for all designs ,onqidered in this st•:dy.
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The interior and exterior loadings thus act in opposing directions.

andto the extent that they act concurrently, will tend to counteract each

other Since the interior pressures are reflected to values which are at

least twice that of the interior overpressure Ihe i nt er na loadi ng s

are generally larger than the external loadings However, the

effective durations of the interior loadings can be significantly less than

the corresponding durations of the external loadings The external loadings

from a megaton-yield weapon can be approximated as a step-loading insofar

as the response of the majority of structural members is concerned, since

the load-duration is considerably longer than the natural periods of such

members- The interior loadings are more representative of impulsive-type

loadings since their effective durations are prubably comparable to the

natural periods of typical structural elements

This discussion of criteria for the blast-'. ading des gn of shelter

entranceways will be concluded by noting that, for purposes of this study.

the dynamic loadings resulting from the blast-wave interactions with the

entranceway structure will be analytically replaced by their equivalent static

loads, The equivalency between dynamic and static loading, as has been
1. 16.

described for the shelter proper. is considered to be a unique function

of the ratio of effective load duration to natural period (td/T) and of the

allowable elasto-plastic yielding (p.A) for a particular structure For

overpressure -induced loading from megaton-yield weapons the ratio td/T
1.16

becomes large., and as described for the shelter proper the equivalence

between dynamic and static loading can be regarded as a unique functi, n of

the ductility ratio A value ofe = 1 3, for example, suggests little probability

of damage to a ductile structure since the maximum permitted deflection is

only 30 percent greater than the elastic yield deflection For this value of

Sand for larger values of td/T. as is apparent from Fig 4-I. the struc-

tural member would be designed for an equivalent static load of magnitude

q = 1 6 pm This corresponds to the overpressure -loading case. and typical

q/p m relationships for this situation are l.sted in Table 1 - 1 For reflected

pressure loadings, lacking more precise information it is suggested that

td/T be taken as 1 0 and values of q/p o determined accordingly For

example for td/T = 1 0 and M- 1 3. Fig 4- 1 indicates that q/p " 1. 18
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CHAPTER 5

DESIGN CRITERIA FOR RADIATION SHIELDING

5. 1 INTRODUCTION

The several forms of ionizing radiations which can result from a

nuclear explosion are commonly grouped into two broad classes. The first

of these, arbitrarily considered to include those ionizing radiations which

are evidenced within the first minute following the explosion, is referred

to as initial radiation. This initial radiation, at least insofar as shelter

design is affected, consists primarily of gamma rays and neutrons. It can

be further subclassified as prompt radiation, which is emitted almost

instantaneously at the time of the detonation, and the delayed radiation which6
is released dtring the remainder of the init'al radiation period. While the

energy components of the prompt and delayed radiations may be appreciably

different, it is sufficient for purposes of this study to group them within

the single classification of initial radiation.

The second major category includes those residual ionizing radations

which are present at times later than one minute after the explosion. The

- po•' residues from a fissicn weapon, along with any neutron-induced radio-

activity in the soil, are typical sources of residual radiation. The situation

of primary concern occurs when these sources are incorporated into large

quantities of soilas in the case of a surface or low-altitude burst. They

are then raised in the ascending cloud, and subsequently may be wind-

dispersed over large land areas. This dispersed radioactive material is

commonly referred to as fallout, and can be further identified as early

fallout or delayed fallout.

Early fallout 6 is deposited on the earth's surface within the first 24

hours following a nuclear explosion. It can constitute a significant biological

hazard, since it extends over wide areas and discharges its energy over

long periods of time. Delayed fallouttwhich consists of any remaining

portions of the fallout. is finer and more widely-dispersed. Because of the

small particle sizes and slow settling rates of the delayed fallout its radio-

activity has considerably diminished by the time the particles reach the

ground. Several forms of residual radiation may be present following a
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nuclear burst. Our primary concern is directed to the occurrence, diqtrib-

ution, and time-intensity decay of fallout.

5. 2 RADIATION UNITS (Exposure Dose, Absorbed Dose,

and Biological Response)

The intensity of a gamma radiation field is normally expressed in

units of roentgens, R, and can be measured quantitatively by observing the

energy release due to ion pair production as the gamma rays pass through

air. The roentgen provides a useful measure of exposure dose, although
6

it is not strictly applicable when describing neutron radiation. However,

since our interest is more closely related to the absorbed dose, it is

frequently preferable to introduce units of rads when describing a radiation

field. Here the rad is defined for any nuclear radiation as that absorbed

dose which results in the liberation of 100 ergs of energy per gram of
6

absorbing material.

Ionizing radiations, both initial and residual, are of significance in

this study only by reason of their possible biological effect on shelter oc-

cupants. Since the biological effects produced by an absorbed dose are

influenced by the nature of the absorbing medium and by the type of radiation,

it is useful to introduce the concept of Relative Biological Effectiveness (RBE).

In order to establish the RBE associated with a given form of radiation and

a particular biological tissue, it is first necessary to observe the tissue

response to a reference dose of gamma radiation at a specified energy level.

The same tissue is then exposed to the radiation form of interest, and a

determination is made of the absorbed dose which produces the same observed

effect as did the reference dose. The RBE is calculated as the ratio of

these two absorbed doses, both expressed in rads. Finally, when our

interest is confined to those injuries produced in human tissue as a result

of radiation absorption, it is convenient to introduce the concept of the rem,

or roentgen equ;-alent man. By definition,

Dose in reins = RBE (man) x dose in rads

The rem thus permits a quantitative prediction of the absorbed radi-

ation dose associated with each specified level of biological injury in human

tiosues. Knowing the radiation energy spectrum and the RBE (man) for

each associated form of ionizing radiation, it becomes possible to relatt
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human biological damage to the intensity of a known -adiation field. In

practice, since we are primarily concerned with initial and delayed gamma

radiation and with neutrons, it is sufficient to know the RBE (man) for only

tiese radiation forms. Conventionally, while recognizing that a degree of

approximation exists due to the implicit averaging of radiation energies, the

RBE's for both forms of gamma radiation and for neutrons are taken as 1. 0.

The biological dose for specific injury to humans (rem) then becomes nu-

mprically equal to that absorbed dose which releases 100 ergsoofeithergamma

or neutron energy per gram of absorbing material (rads).

The gamma radiation exposure dose. is commonly measured in

roentgen units. Since the energy-release associated with the passage of

one roentgen of gamma radiation through human tissue is approximately

equal to 100 ergs per gram of tissue, there exists a rough numerical equiv-

alance between the roentgen (exposure dose), the rad (absorbed dose) and

the rem (human biological effect). In a neutron field, where the exposure

dose is normally expressed as an integrated neutron flux, it has been found

that an integrated flux of one neutron per sq centimeter is equivalent to an

absorbed dose of 1. 8 x 10-9 rad. This equivalence applies to neutrons from

fission weapons, having energies in excess of 200 electron volts. We canthus

relate fission neutron flux (exposure dose) to the rad (absorbed dose) and,

since RBE (man) = 1. 0 for neutrons, we can also relate neutron rads to

neutron reins.

These relationships permit a major simplification in radiation

shielding studies. Once the tolerable degree of radiation biological damage

has been postulater, the effectiveness of any radiation shielding system can

be explored through a numerical comparison between the tolerable dose (rem).

and the sum of tissue-absorbed gamma radiation and neutron radiation (rad).

If the absorbed dose does not exceed the tolerable dose, it can be concluded

that the radiation shielding system is adequate.
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5.3 INITIAL NUCLEAR RADIATION

5. 3. 1 Significance in Shelter-Entrinceway Design

The initial ionizing radiations of interest in shelter entranceway design,

as indicated earlier, consist of the gamma and neutron emissions during

the first minute following a nuclear explosion. Their de3ign significance

can be related to two distir.ct processes, insofar as this analysis is concerned.

First, some portion of the initial radiation energies will penetrate through

the cover soil and the structural envelope of a shelter entranceway. It is 5
this mechanism of radiation penetration which was considered in the analyses

of the shelter proper, 1, 2 and it must similarly be recognized in the entrance-

way design. Using a simplified approach as described in these earlier studies,

the cover soil and the entranceway roof can be analyzed as a thick barrier

shield which is exposed to the free-field radiation. This dose contribution

at any point inside the entranceway is then computed frorn the free-field

intensities (gamma and neutron), the directional orientation and spectral

energy distributions of these radiation forms as they impinge on the barrier

shielding of interest, and the attenuation of their radiative energies due to

passage through the shielding. The depth of earth cover thus becomes an

important consideration, distinct from any full-burial requirements otherwise

postulated for blast resistance. The simplified analysis suggests that the

maximum radiation penetration for a given barrier and intensity of :adiation

field will occur when the effective barrier thickness (i. e. , slant distance

through the barrier) is a minimum. This conadition corresponds to an over-

head burst.

The second mechanism by which initial radiation may enter the system

iq known as radiation streaming. Here gamma and neutron radiations pene-

trate the entranceway mouth, passing through a barrier shield if a blast

door or similar baffle is encountered, and stream along the interior of the

(.ntrancevay passages. The resulting radiation hazard to shelter occupants

is related to the pertinent free-field characteristics of the initial radiation,

to the fraction of this fVux which actually penetrates the entranceway mouth,

and to its-energy degradation during the streaming process. A quantitative

consideration of these mechanisms requires some estimates of the directional

orientation arid energy distributions of the initial radiation cornponents.

III 11SEANCN INStITUTE

5-4



Subsequently it will be shown that, as a resu~lt of the directiunal orientation

of the ir~itialk radiation, the maximum streaming ueually occurs when the

axis of the entranceway depth element .s directed towards the explosion

center. Sinc~e the depth elemnent is in~clined at approximately 50 deg with

the vertical 50 deg) far the level-ground assumption used in this

st.ady, it follow, that maximum radiation streaming will occur when the

explosion, is positidoned some 40 deg above the hot'.zon, 41B =50 deg). This

explosion position does not coincide with the maxi'mumn barrier penetration

of the entranceway ard of the entranceway proper, which i~s instead associated

w~th an. overhead burst (1r-0). Obvioi-isly, the height-of -burst positioning

of the bomb for worst case radiati~on analyses of the combined shelter system

will involve tr.,deoff'ý betweern radiation ,-tjeaming arnd barrier penetration.

5. 3. 2 Free-Field Characteristlcs of irlt'.a," Radiation

1. Yield- Range-Duse Relationships

The numerical value of the initial gamma radiation exposure

dose.. at any ran~ge of s-'gn 4f,.can~t interest. is related to the explosion yield

and to details of the bomb design. Gamma ra.y exposure doses have been

measured at various rs-nges and for various yields, leading to a generalized

'ýc:.1'-g aw which relates ga.mma flux and weapon. yield. For convenience,

on the basis that ar. exposure dose of one roentgen of gamma radiation is

approximately the numerical equivalent of o:-.e rad, this scaling law will be

expressed in terms of absorbed dose.

w 0 (5-1)

where
Twabsorbed (un shielded) initial gamma radiation dose frad)

at any slant range R sfrom a fission yield of W megatons
AA5

absorbed (unshielded) initial gamma radiation dose, rad,0at the same slant range f r o rn a I KT fission-yield of a
similam explosiorn. (Fig. 8. 27a for values of jV corres-

pondlrg to a fission weapon and an above-ground burst) 6

R slant ringe between explosion. center and point o-, irte rest, it

W _11ssinn iiAld, expressed in equivalent mnegatons of trinitro
tolujene

W' saling factor for initial gamma radiation, based on the
specified .:Ission yield of W m~r (Fig. 8. 217b uf Ref. 6;

Note that W, as usý-d lt-hrein, refers t6 yield in megatons rather than kilotons)
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'f the fission yield is held constant, the absorbed dose from the

initial gamma radiation will decrease with increasing R . This decrease

is due in part to the inverse square relationship which holds for any expanding

sphere, whereby the gamma flux will vary -inversely as the square of the

distance from the explosion center. Huwever, there is a further decrease

in the free-f'eld flux which is attributable to scattering and attenuation as the

gamma rays pass through the air. Consider-ng an air burst, the range-

yield and unshielded absorbed-dose relatior ships for initial gamma radiation

are given by 6

.[ 9 x 1010 x WI] e R 5 /1080 (5-2)x RR /08

The attenuation of gamma radiation energy is actually related to the

air density, wh'ch is in turn related to the air temperature and the burst

elevation. Equation (5-2) is thus an approximate expression and, as indicated.,

is only applicable where the explosion occurs as an air burst. When a

surface burst must be considered, it has beer suggested6 that the corres-

ponding values of "• (and hence of1w) can be taken as two-thirds those

predicted for an air burst (Fig. 8. 27a). 6 Because of major uncertainties

as to the bomb makeup and the actual intensitles of the resulting gamma

r-'r~o., : any burst-height distinctions in the predictions of the absorbed

irn.ltiai-gamma doses become rather academ'c.

The absoiute value of the neutron flux at any range distance, to an

even greater extent than to that described for the iritial gamma rad'ations,

is dependent upon weapon yileld and bomb makeup. LacKing any predictive

understanding of bomb makeup, the neutron flux is customarily expressed

as a singular function of the yield

1000 n W (5- 3)
W 0

where
nw itftegrated r-eutron flux in air at range R from a W MT

r, 0 irtegra1ted neutron flux in air, neutron/cm 2. at the same
0 ranra f -om a I KT fission-yield explosior f Fig.8.61 L1. Ref.6

lor vitl.aes of n correspond,.ng to a fission weapor. and an

above-ground burst)

W explosion yield in equihalent megatons of TNT
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As w~th the inii~dl gamma radiation the integrated neutr-on flux

dez~reases with irncreaslrng distance from the explosion center. The relation-

sh',ps between neutron flux and absorbed dose can be expressed in the fol-

1ow~r.g approximate fo-Mmý tor aix bursts6

N :1. 8 X10 'n (a)

(5-4)

1.4x 10 14x W -R/3N W Re s(b)

(Equations 15-4a) and (b) are approximately correct
for fis sion1 neutrons with energies in excess of 200
electron volts.. and for scaled ranges in excess ot 1500 it.

where
N 0ab,-orbed (unshielded) neutron dose, expressed in rads,

0 t ,!sant range R so(ft) firo m --. 1 KJ7 fission-yield
explosion s

N wabsorbed (unshielded) neutron dobe expressed -in rads,
,Wt. slanit range R S(it) from a W MT fission-yield
explosiorL

(N 0and N a -re obtained by assumning that an integrated flux
o~ w

o.; one rneutron per cm is equi~vaient. to an absorbed dose oý

1. 8 X 10" t- ad for fission neutrons with energies in excess
o' 200 electron '-olts and for R > 1500 ft.)

so

2. Ar gulidr Distribution of Radiatiot. Enereies (EnergySpectrum)

The sum Luf the integrated gamma and neutron energies, computed

for any specified set of weapon characteristics and a-, any range of interest.

provides an estimate of the couribined fiee-field energies of the initlal1

ra diat ion.

T he absolute % alues of these en~ergies as they- ex-ist at any specit'red

t,ýnge :rom the explosion entler can be influencea in con-,iderable degree.

by deLati!S in, the design. of the weapon and of its casing. A purely fusion

wcapotn, for example: will emit high -energy neutrons ( -, 14 Mev) -but will

rot em.:- fi.ssion-produtt gammas. If a layer of uraniuim c~tn be used to

b1:xInket the. -eu'.ronl emissions from this same fission weapona the result

will be e-,Aev cd in the significant production of gamma rad~atiorns. Although

ill of the energy !r.tctlons of the initial radiation are degra1ded ard absorbed

to somt- exten! due to their passage through the absorbing medium, these
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changes occur in different ways. In theory, the net result for a combination

of fission product and nitrogen capture gamma radiations is a general

trend towards a relatively harder energy spectrum as range distances

increase (i. e. , the mean energy is higher than that predicted solely oil the

basis of range attenuation).6 This suggests that the energy spectrum of the

initial radiation, at least insofar as it is influenced by its gamma components,

will change as ground ranges are varied. While many variations in the

spectrum of the range-energy relationships for the initial radiation can be

recognized as possiblities, neither the probabilities of their occurrence nor

their actual significance can be predicted with any confidence. The general

acceptance of a representative fission-yield energy range relationship has
6

accordingly been proposed. This would be generally applied to all initial

radiation shielding analyses, unless there is known to be some specific

justification for a separate consideration of individual radiation components,

such as the high-energy neutron emissions from a fusion weapon.

Since any requirements for shielding are largely established by

the higher-energy radiation components, it is also important to consider

the spatial distribution of these energies as they may exist at any point in

the free-field. As a starting point, it can be postulated that a detector will

indicate the existence of an energy spectrum (or directional variation in the

energy available for absorption) when the radiation components which reach

it have a preferential direction of travel with respect to the radiation source.

The directionz.- distribution of radiation energies becomes of interest in the

design of any facility which is not uniformly surrounded by shielding. Such

a condition exists in a typical shelter entranceway, where the mouth is

directly exposed to radiation penetration.

We then ask whether the line-of-sight orientation of the depth

transition section, relative to the explosion center, will influence the energy

characteristics of any radiation which penetrates the entranceway. In

addition, will the fraction of the free-field radiation which penetrates the

depth transition section of the entranceway be related to the geometry of the

section (i. e., ratio of lengtl of section to the area of the entranceway mouth,

as projected on a plane normal to the longitudinal axis of the section)? An-

swers to these questions will involve a consideration of the directional distrib-

ution of the radiative energies released by a nuclear explosion.
liT IESEAICH INSTITUTE
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The gamma fraction of the initial radiation is attributable to

several initiating sources, and as a cons e quen c ei will, include Various

energy contents. However, its major constituents are fission product

gammas (w 2 Mev at I minute after the explosion) and gammas resulting

from neutron capture by nitrogen nuclei in the air (w 6. 5 Mev). Gamma

radiations are electromagnetic waves which .in a vacuum, would travel in

straight lines with the speed of light. In the atmosphere, these gamma

radiations tend to be scattered by multiple colliEions with such elements

as oxygen and nitrogen. As a result, while much of the gamma radiation

arrives at a target in straight lines from the source, a considerable portion

(skyshine) also arrives from directions other than line-of-sight. The result-

ing angular distribution in the gamma exposure dose has been found to be

relatively insensitive to weapon yield, assuming that the scaled value of the

slant range remains constant.

While a similar tendency towards a directional distribution of

radiative energy content also exists for the neutron flux, it is considerably

less pronounced. Neutrons are particles of appreciable mass, and their

multiple collisions with fission products and with atmospheric elements

will lead to a significant amount of random scattering. As a consequence,

the directions of motions for neutrons have become almost randomly distrib-

uted at those locations which are some appreciable distance from the explo-

sion cei~ter. For this reason, the concept of an energy spectrum is not

readily applicable to considerations of the neutron flux. Samplings of neutron

flux at various distances have suggested that,while the total neutron flux

will decrease with increasing distance from the source, there is little cor-

responding change in the relative distributions of its energy fractions. Until

improved forecasts become available, it has been proposed6 that the energy

spectra of both components of initial radiation be regarded as constant for

all ground ranges cf interest.

In evaluating the angular distribution of the initial radiation as it

reaches a target, recognition should be given to the source geometries of

the gamma and neutron components. The initial gamma radiations consist

primarily of fission product gammas and of gammas produced by nitrogen

capture of neutrons. The fission particles are released within a short

distance of the explosion center, and perhaps may be considered as originat-

ing within the fireball. The nitrogen-capture gammas, which are the result of
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finite neutron travel through the atmosphere, are produced within a larger

space volume. Neutrons, since they are liberated at a very early explosion

stage, can be assumed to originate from a point source. While a point-

source representation of initial gammas andneutrons is valid when examining

free-field effects at very large distances, this is certainly not true for some

of the rangeu considered in this study. The inaccuracies due to introducing

a point-source assumption would be most pronounced at ranges close to the

explosion center, and would contribute to an apparent angular distribution

of the initial radiation as it reaches a shelter entranceway.

From the p eceding statements, we can formulate certain hypo-

theses regarding the probable angular distribution of the initial radiation as

measured by a collimated detector located some short distance inside an

entranceway mouth. First, let us 'tssume that the burst is positioned verti-

cally and horizontally so that an extension of the longitudinal axis (line-of-

sight) of the first entranceway leg passes througli the explosion center. We

have reasoned that this situation, with YB= PE' should represent the worst

case for radiation streaming in the entranceway. For these burst conditions,

the observed radiation energies should be a maximum when the detector axis

is aligned along the line-of-sight to the explosion center. As the detector

is rotated at an increasing horizontal or vertical angle to this line-of-sight,

the gamma radiation would be expected to decrease. However, due to

backscattering effects, significant radiation could still be recorded even after

the detector axis has rotated past a limiting solid angle defined by the line-

of-sight between the detector location and the periphery of the entranceway

mouth. Within these same angular limits, due to its lack of directional

orientation, the measured neutron flux should remain more nearly uniform

than does the initial gamma radiation. The detector would thus continue

to record appreciable backscattering effects at even greater angles than for

the gamma radiation. The total recorded absorption of gamma and neutron

energies would be influenced not only by the orientation of the detector but

also by its location in relation to the geometry of the entranceway mouth. This

latter dependence can conveniently be expressed in terms of the solid angle

fraction subtended by the entranceway mouth. Finally, if the burst is posi-

tioned so that the entranceway lire-of-sight does not pass through the explo-

sion center, the total energies recorded by the detector will be reduced. Ynr
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an extreme case, where the maximum fireball is not visible at the detector

location, the recorded energies will be almost entirely attributable to various

backscattering effects.

Having made these postulates as to the probable form of the

initial radiation spectrum, the next step involves an examination of pertinent

analytical and experimental findings. The available experimental data are
25

supplied by Richie and Hurst, and relate to relatively low-yield, fission-

type weapons (10 - 20 KT) whose line-of-sight to the detector made an angle

of 22 deg with the horizontal plane. The angular distribution of radiation

was determined by collimators which were capable of detecting radiation

within 15 deg of the direction in which the instrument axis was pointed. The

collimators were placed at slant ranges of 1355, 1585, and 1825 yards from

tI e burst. Within the scope of the experiment, no significant variation in

angular distribution as a function of distance to burst or type of weapon was

observed. An analytical approach has also been applied to the question of

angular orientation of the radiation from a weapon burst. French and Wells 2 6

devised a mathematical model and employed a Monte Carlo procedure for

detailed calculation of the radiation transport phenomenon. Results from

this study have been correlated with the experimental data obtained by

Rich'e ar.d Harst.

These analytical and experimental data, at least within their

range of applicability, suggest that the backscattering of both gamma radiation

and neutrons is sufficient to obviate any major angular dependence of the

energy distribution for any radiation which reaches the entranceway mouth.

All radiation which a:tually enters the passageway mouth, regardless of its

direction of travel, might thus be considered to have essentially the same

energy components. This tentative conclusion will be adopted for this study,

although it undoubtedly merits morc detailed investigation. There remains

only tht problem, related solely to geometric considerations, of computing

the iraction of the free-field radiation which actually penetrates the entrance-

way. This calculation is conveniently expressed in relation to the solid

angle defined by the lines-of-sight from within the entranceway, bounded

by the periphery of the shelter mouth, and the center of the explosion based

on a point-sour'ze assumption.
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Consider a detector located at some point with'r> the depth tr.:'.sL-

tion sectlon of a shelter entranceway (since we are con.--e::.e wAnt rid'at-_'o•t

streaming, the detector is usually considered to be located at the f'.rst

interilor bend). The point is assumed to be centr•tl!2v-oý:a'ed ":'% -he passa.ge-

way cross section, and the referente line-o•4-sght I t,.,ke,-. the. lo.g-

tudinal axis of the passageway. The area of the e.t.raw,.., ew 4. , mvh, .

viewed from the detector location, is projected rorm.. I th'.s refer'ei .:e

line-of-sight. The solid angle fractior.,in re t 'o , t# ;ie -.ssmed det,-.cltor

location, is then defined by tl, e perimeter of ih's p-o`e, ed a rea.

30
Figure 5-1,obtained from Chart 3. Skipp.ieg s-i.- ?.r.gle ff.t:.. o..

for rectangular openings in terms of two nor-dimer~sion.il pa.rrmeters. T'he

first of these, e, is defined as the ratio of the short (B ) ...r d olong (H
p p.

dimensions of the entranceway mouth, as prolectcd on % plar..ne :,crmn.1 to ti,c•

longitudinal axis of the entranceways. The sec-ornd parameter, r, s d-iY'.:ed

by the relationship n = ZZ/H . Algebraically, Fig. 5-.1 car be ex.cpressed
p

ir. the following form.

C A ,) t a n -'n7 -e

e B Ip/Hp

n 2Z/H
p

4, :3;)
For a circular projection, the solid angle fract'or. u _ac?. b- exp!essed ;4

ci) -cos 3 f35-5,

where rA : tan- I m

r -. mean radius of the entranceway moi,,th, proje, td ats
described, ft

Z distance from detector to projected plAr e o' " -•. t, '
mouth, measured along the referer-.e -

Figure 5-2 supplies frea-field entrarcewy ,.-mU,." :,, i, '

idcors. R, as a function of the particular type o" radEi..*o•-. "w .- l.s:

orieIlation of the bomb burst with respect to the lorgitd'l,•1 ell -'lie

ertran.:eway legaand the solid angle fraction subtended b, ", .r',' p!
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ofinterest and the proje,-`ed per-meter of the entrariceway mouith. In this

manner.. any effects~ of angul1ar orientation for gamma and neutron radiations

are combin~ed with the geometric reduction in the radiation dose seen by an

obseiver withint an ent~rarc.:ewa~y. Figure 5-2 of this report includes the

basic informatilor c ortained in Chart 6. 01, 4which in turn was developed

from the data. presernted in Referen~ce 25. In add-ition, Fig. 5-2 includes

several additional curves rel 'ti~ng radiation and angular orien.t~ation. Values

ofRfe ar xpressed as furictions of the solid angle of the entranceway mouth

(from Fig 5-1 or calculated from Eq 5-3) dnd the included angle /3 Bbetween

the longitudinal d.Xt.S of the first er-trarwceway leg and the line-of-sight axis

from the detector to the explosion± cen~ter, This angle can be calculated

directly from the known horizontal and vertical burst-location angles.

3B .: Cos 1 [ s( - E~ ) Cos B Y'JE)] (5-6)

whe re

0B =an~gular- orientation of burst center relative to an arbitrary
x -a&xis projected in the hor'zorntal plane, deg

0E n.angular orientation of the longitu~dinal axis of the entrance-
way leg, referer,ý-ed to the same x -axis and projected in the
horizontal. plarne, deg

13 r ertical ar-gle to burst center, as observed at the detector
I ocatiork and measured from the z-ai, deg

Evertical angle to r.1-'e longitudinal axis of the en~tranceway
leg, as observed at the detector location and measured
from the z -axis, deg

5. 3. 3 Correlation- Betweer. Free-Field Levels

of Ovmesre and Initial Radiati on

in the earlier s.'udies oi fully-buried shelters, which have led to this

irnvestigation. of entran-ew.aN :tquirernents, it was fou~nd convenient to express

all protective features of a shelter in term,3 of an implied resistance to peak

overpressure loading. 112In order to justi'fy this one-parameter description

of shelter hardness, the ihelters were designed or. the assumption that their

postulated overprcdbjre loadit:,gs wo..ld also be accompanied by worst case

intensities of all other dtstr.tctive eftfects. For the buried shelters, the

only other explosion effe-t of appreciable striiztural significance is ionizing

radiatiot'. The shelter effeCtiveness in a. radiation en~vironment was ar~alyzed

on the assumption that the shelter roof and cover soil acted t~ogether as a
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thick barrier shield. 1, 6 The worst case radiation field resulted from an

overheý..d positioning of the weapon ( 3B = 0). With this once established,

it was only necessary to explore the range-yield relationships for overpres-

sure and for initial ionizing radiation. Once the design level of overpressure

had been established for a particular shelter, all possible radiation fields

associated with that specific pressure and with weapon yields in the 1-100

MT range were examined. The maximum of these radiation fieldsonce ident-

ified atthe shelter location, was associated with its particular overpressure

in all subsequent analyses. This implies that, for all anticipated attack

conditions other than the extreme situation thus identified for design pur-

poses, the relative degree of radiation protection in the shelter would exceed

the protection from overpres sure-induced loading.

A rather similar approach is used in specifying the protection

requirements for shelter entranceways. Since it is unrealistic to expect

that a detailed description of an anticipated attack will ever be made

available as a factual statement of entranceway design requirements, it is

reasonable to select one controlling parameter to describe the attack threat.

The first step in the design i• to proportion the entranceway to resist some

specified level of this parameter. The next step is to examine all other

Joti at.t:ve features which may be associated with the selected attack para-

meter, considering both their expected ranges and their influence on entrance-

way design. Conceptually, it should be possible to evaluate the probabilities that

these destructive effects will occur either singly or in combination, at selected

levels of intensity within their projected ranges. Since an evaluation of

these distribution functions would in itself require a detailed specification

of the attack threat, it is customary to assume that these related effects

will always occur at their established maximum levels,

As with the shelter, and in accordance with this design philosophy,

it is convenient to describe all protectiv, features of an entranceway in

terms of its resistance to blast-induced loading. All other primary destruc-

tive effects, which essertially reduce to initial and residual radiation, are

once again -ssumvd to occur at their worst case (maximum) values. It

would be equally possible to design the shelter to supply a specified resistance

to some other explosion effect, such as it- shielding to ionizing radiation,

and then to examine the requirements introduced by worst case overpressure
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loading. However, since the cost--overpressure interactions are consider-

ably stronger than the cost-shielding relationships, the !.nsitivity of

entranceway cost analyses is improved by relating entranceway design to

overpressure.

In order to identify the worst case initial radiation field associated

with a specified weapon yield and level of overpressure, it is necessary to

examine the possible range of weapon positioning. Figure 5-3, reproduced6
from Fig. 3. 67a, shows the loci of selected peak ground surface overpres-

sures for a 1 KT explosion as functions of ground range R sin YB and height

of burst, Rs cos B'B Considering only the Mach region, which has been

specified as our region of interest (Chapter 4), the ground range corresponding

tc' a specified peak overpressure is seen to be a minimum for a contact burst

and to reach a maximum at some optimum burst height. The optimum burst

height is of major interest when evaluating the required structural resistance

to blast wave loading, since it represents the worst case combination of

ground range and a specified level of overpressure. However, when the

maximum requirements for radiation shielding at the same level of over-

pressures are investigated, the minimum ground range becomes of interest.

This conclusion is readily apparent from Eq. (5-2) and (5-4), which indicate

that the iree-field intensity of the initial radiation is inversely proportional

to the slant range from the explosion center, raised to some power greater

than unity.

The preceding argument leads to the conclusion that, with no

other restrictions on bomb positioning, the worst case of initial radiation

associated with each specified level of overpressure will correspond to a

ground burst. As applied to the design of shelter entranceways, the geometry

of the problem suggests that an additional restriction can be applied. It

was initially specified (Chapter 1) that the existing ground surface at the

entranceway location, for all situations examined in this study, will be

considered as approximately level. Accordingly, it will be necessary to use

stairs in the depth transition section of the entranceway in orde- to accom-

modate all or a majo- -artion of the zequired elevation change between the

ground surface and thle bhelter proper. As a consequence, (Section 5. 3. 1),

the reference line-of-sight a). -, for a radiation detector located just at the

bottom of the stairs will be inclined at approximately 40 deg to the horizontal

III RESEAICH INSTITUTS

5-17



C.

C-0 
-

24
ivZ

ij lsiznq jo 1ItISaH



plane (3 E :O5 deg). ½h, d-eAiatior re,ýo~ded by this detector will, for a

typic-al entrarz-e-wav des`.grn, be aý maXimum when its line-o.f-sight axis

passes through the explosion center. The slant range R so (Fig. 5-3), as-

sociated witha paz--icular vý..ue of overpressure p3 ~so _ a minimum for

z90 deg and inzreases as valu~es oi 0. are reduced bellow' 90 deg. The

geometric layout of the erntran.~:eway .can tnus impose a constraint when

determining the wore-, case d~ir d9whi.c-h can be associated with a

specified overpressuire. Where appropric e, a~n adjusted slant range can

be determined with the aid of Fig. 5-3 and subsequently introdu~ced into

Eq. (5-2) and (5-4).

The final step in. this f..o_-re'sation between overpres sure and worst

case initial radiation, a~s a:-ppl--ied to er~tz--r.:ewa~y design, involves an equiva-

lent static load represe~nta'.orA oI ~the atJdynamic loading. Using the
1.2

concepts developed in ea.ý'e-ý studAIeýý ' nd rev,,iewed in Chapter 4 of this

report, the structuraJ. elements o. % bur-ied structure are designed to resist

a stattic ally- applied. r:om' . rbie loading of unit intensity q. The

peak dynamic loads a,- t~Jialy appli* -d to the structural elements, pm) are
consdered to be funrýtion `tro the peak overpressure at the ground

s;urface., pso, or of the peak refected pressure within a structure. Each

relatlonniiip between p man d q is, Ifor megaton yields arnd typical structures,

con.-idered to be % urniq-ie f'.inýtlor. of the duý_!-Aity ratio fo: the structure,tA.

WhIle this appzoach is quite zý-..isf.ictozy when establishing the

requirements for structura±l loading :resI~star2.ce, it is less satisfactory when

determining the requ~.ee~ for r.atdihation shielding. The earlier arguments

in this sect~orn h?.ve iISEI.A7iId . scu orelaior, between peak overpressure

and worst cl-.se initial :-adIv ion, which is ieadily extended to it correlation

between peak dyrami2 - oad-irg, pm rinri. A! I~i radiation. However, since

PMn and q are related th'-o,.-ghýA, 'he worst -aie Initial zadiation becomes

a function ofe.-i dd q, rather thanz a siirgul~ir fur.,tion of q. Expressed in

another wav, the stru,,uzal ý-eq-uAr-mer.--: which (correspond to a specified

overpressure w~ill vary "~ rigo trc d::--?iliy :z :io of the structure,

while the radiation shie'ding ý-tq~iiremcnws z'a'e only to the slart range

(and weapon v'Odd aisocia'ed w'.- t hat ove.:pres,4.re.
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This difficulty, which was recognized in the earlier studies of

the basic shelter, 1, 2 is actually not a serious one. Radiat.ion shielding is

a minor cost item in a buried shelter, although perhaps it is of more sigdfi-

cance when the entranceway alone is consIdered. The predictions of free-

fleld radiation as a function of weapon yield and slp:x:t range are inaccurate

at best, and may vary by an order of magnitude 'oz yields in the megaton
6

range. The assumption of worst case radiation as a b-.sis for entranceway

and shelter design is inherently conservative, il-2hough admittedly to an

indeterminate degree. Recognizing these factors, the worst case initial
1,2

radiation field for radiation analyses of the shelter proper 1 was expressed

for each weapon yield as a singular function of the equivalent static load by

assuming a constant value for the ductility ratio (p = 1.3). This same

approximation will be extended to shelter ent.-anceways.

Table 5-1 supplies data which relate the free-field componenL.-4 of

•nir t-al radiation, Eq. (5-2 and (5-4), slant ranges determined from Fig. 5-3.

and weapon yields in the 1 to 100 MT range. These factors are expressed

as functions of the vertical angle of burst, •B' for selected levels of the

static equivalent load. Values of W' (Section 5. 3), are obtained from

F g. 8. 27b, 6 and have been extrapolated to higher fission yields. The slant

;.: .-. weapon yields other than 1 KT were determined from the

equation

R l0 R W 1)
s so

where
R = slant range in ft which, for a weapon yield of W megatons,

corresponds to a specified peak overpressure

R - slant range in ft which, for a weapon y i e I d of 1 KI,
so corresponds to this same peak overpressure.

5.4 RESIDUAL NUCLEAR RADIATION

The residual radiation component of primary Interest in shelter

desIgn is early fallout. It is frequently found that the anticipated faliou.t

radiation will not influence the shielding requirement.- for a blast-resistan'-

shel.er. sir.,.:e *hesv will be governed by considerations o" blast and of ,.-tial

rad;iat'on. Theie remains, howeve:, the possibility tha fallout radiaion

,pipr.-ularlv :rom m.ltiple and distant sour:ces) may be of significare ;.n

shec!er systems whnch are designed for relatively-low overpressure le\cl,.
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For such shelters, it usually follows that the mass thicknesses o€ the struc-

tural elements (and thus their inherent radiation shielding, slrtce this can be

approximately related to mass thickness) are appreciably less than those

required in high -overpressure regions. Also, since the ground ranges which

correspond to low overpressures and megaton yields may considerably

exceed the effective range of the initial radiation, such shelters may be

designed without any deliberate provisions for initial radiation shielding.

These same ground ranges wi I I have little (..f a.ny) effect in reducing fallout

dose rates to less than their peak values. It may then be necessa;ry to make

some deliberate provisions to ensure adequate shielding from fallout radiation.

The total release of radiative energies from fallout is difficult to

pred*.c~t in the general case, since it is strongly influenced by the burst

location and by details of the weapon design. The residual radiation c on -

s'sts of f1ission products and unfissioned materials from the fi3sion fraction

o- a nuclear weapon, plus gamma-radiations from neutron-induced activity

ýpPrma.rilv attribatable to the fusion fraction of the bomb) in casing fragments
6

and soil elements. In addition, deliberate steps (i. e. , salting) can be taken

to increase the radioactivity of the weapon residuals. This has led to the

popular terminology of "clean" and ":dirty"' for nuclear weapons. referring

L. 'J., .gree of residual radioactivity1 although these descriptions can

only be :onsidered as relative. It has been es.iM~ted that a n-olear explo-

slor- will produce 2 ounces of fission produ'..s for each KT of fission yield

its neutron activity will be largely determined by its fusion yield.

The occurrence of significant quantities of fallout, regardless of its

energy content, is strongly dependent upon the scaled bu:st height. If

1.-flout is to occur it is first necessary that soil particles and weapon

residues be combined in the explosion process and subsequently incorporated

in the ascending cloud. If the burst occurs at some distance below the

ground surface o r ,,.lterný,.tively, occurs as a high air burst where no earth

is taken into the fireball: there will then be no fallout. In such cp.ses, any

effec-.s of residual radiation are localized and may consist only of neutron-

inr.duced activity near ground zero. The near-surface burst represents the

worst z:ase fallout situation, since large masses of soil are then exposed

to resiaual radiation and are subsequently incorporated within the fireball.

These part-ýAes, as they later descend to earth, are deposited over large
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areas as a layer oi slowly-decaying radioactivity. The early fallout fraction

(occurring within 24 hours),which is of interest to us in this study, is believed

to contain between 50 and 70 percent of the total radioactivity of the weapon

residues. 6

Gamma radiations from the early fallout particles are emitted by a

variety of isotopes. Thus, as observed at any specified time after the

explosion, they include a wide range of radiative energies. These energies

are appreciably less than those evidenced by the gamma contributions to

the initial radiation. For this reason, the shielding requirements are less

severe for delayed gammas. Commencing at the time when early fallout

deposition is complete and extending throughout the first few weeks after

the explosion, the time-decay of fallout radioactivity can be approximated
6

by the following equation.

Rt = RHI t 1.2 (5-8)

where
Rt = exposure dose rate for fallout gamma radiation at time t

hours after the explosion, R per hr

RHI = exposure dosc rate for fallout gamma radiation at 1 hrafter the explosion, R per hr

t = elapsed time after the explosion, hr

Spatial redistribution )f early fallout is essentially complete when

all particles have reached the ground, disregarding such secondary tr;lnsport

mechanisms as flowing water and blowing dust. During the fallout deposition

period of approximately 24 hours, wind shear at various elevations can exert

a translating force on the falling particles. This also induces a sorting pro-

cess, whereby the smaller particles reach the ground at the greatest

distances from the explosion. The intensity of fallout activity on a unit

surface area in the fallout zone, assuming a constant elapsed time since the

explosion, is related t.ý the concentration and particle size of the fallout

material. Observed patterns of fallout activity are highly variable, being

sensitive to localized variations 1r'. wind and in topograph",, but frequently

form a roughly-ellipsoidal pattern which is alih,ned and displaced in the

downwind direction.
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Scaling laws (fallout intensity versus weapon yield) are not consid-

ered to be directly applicable in the near vicinity of ground zero. Reference

6 thus proposed a dose rate of 10, 000 roentgens per hour, referenced to

one hour after the burst, as a practical upper limit for fallout radiation

levels in this region. This upper limit would become a restriction for all

magnitudes of burst. An idealized fallout pattern supplied in this same

publication (Fig. 9. 73) indicates one-hour dose rate contours in relation to

ground zero for a 1 MT fission weapon, assuming an effective wind speed

of 15 mph. Appropriate adjustments can be made to the idealized fallout

pattern, if so desired, for wind speeds other than 15 mph. Reference dose

rates for any other yield, up to the empirical limit of 10, 000 R per hr at

one hour, can be estimated by multiplydng these idealized dose rates by the

ratio of the actual fission yield to I MT. It is recognized that the distrib-

ution of fallout from an actual nuclear explosion can be expected to show

major variations from the idealized dose rate pattern. 6

The design requirement for fallout radiation protection, insofar as
1,2

the shelter studies were concerned, was based upon a worst case assump-

tion. Such an approach was consistent with that used in establishing the

shelter design environment for the initial radiation. In order to extend

this concept to the entranceway study, it is first postulated that the attack

occurs in the form of a burst which results in a peak residual exposure dose

of 10, 000 R per hr at one hour after the explosion. Next, for the limited

ground ranges which are associated with the 10-200 overpressures consid-

ered herein, it is assumed that the localized variations in fallout distribution

due to hydrodynamic thrusts and wind shear will be of minor significance

in shielding analyses. The entire area of interest is thus assumed to experi-

ence a uniform deposition of fallout material, considered to be independent

of both weapon yield and range, whose radioactivity can be represented as

a one-hour dose rate of 10, 000 R per hr at one hour. Admittedly, the

assumptions used in developing this design concept may be somewhat

conservative when only one weapon is considered. However, conceding the

probability that uverlapping of fallout patterns can result from a general

nuclear attack, the design procedure seems fully justifiable.
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5 5 BARRIER SHIELDING

Optimum compositions of barrier shielding for radiation protection

are, to a considerable degree, dependent upon the predominant type of

ionizing radiation and upon its energy spectrum as it reaches the barrier.
The effectiveness of such shielding in decreasing the intensity of gamma

radiation is roughly proportional to the mass which it interposes between
6

the shielded area and the radiation source. For this reason, shields com-

posed of heavy atomic nuclei (i. e. . lead, iron) are particularly desirable

for attenuating gamma radiation. These materials are less satisfactory

when large neutron fluxes are present.

The attenuation of neutrons through their interaction with matter

involves a sequential process of deceleration. Unfortunately, the material
properties for optimum neutron deceleration will vary according to the

neutron energy under specific conside "-ition. The heavy elements contained

within a barrier shield, which have been identified as particularly suitable

for gamma ray attenuation, are also effective in slowing the high-energy

neutrons. Fast neutrons interact with these heavy shielding nuclei through6
a process known as inelastic scattering, which is also evidenced by the

emission of secondary gamma rays within the shielding. Energy degradation

for the slow or thermal neutrons I largely accomplished by radiative

capture and by elastic scattering These processes are most effectively

accomplished when shielding elements of medium to low densities are

present. 6

In general. it can be concluded that the energy degradation of gamma
radiations and of fast neutrons is largely proportional to barrier mass thick-

ness, hence heavy material elements are advantageous. The attenuation

of thermal neutrons - s aided by the presence of light elements (i. e, hydrogen

in water) within the shiielding material. Concrete represents a suitable

choice for many shielding arplications, since it contains water in addition

to providing structural strength and a reasonably high density. For appli-

cations where such structural strength is not required, moist earth is

also suitable Steel plate. while furnishing excellent structural strength

and providing effective shielding from gamma radiation, would appear to

be unsuitabl, when large quantities of thermal neutrons are present.
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The required thickness of a given shielding material is related to

the desired degree of attenuation and to the energies of the impinging

radiation. The radiation energies from a nuclear explosion will span a

large range, with their absolute values dependent on such factors as weapon

composition and the detailed yield-range relationships. The complexities

of the generalized problem have been reduced to workable levels by preparing

averaged plots which show the attenuation of radiation energy as a function
6

of mass thickness for selected materials. This simplified analysis assumes

that the actual energy spectrum of each primary form of nuclear radiation

(initial gamma, fallout gamma, and neutrons) can be replaced, for purposes

of analyzing shielding requirements, by a single mono-energetic source.

Since range scaling laws are applied directly to these mono-energetic repre-

sentations, the relative energy distribution within each energy spectrum is

also considered to be independent of ground range. By utilizing this greatly-

simplified approach, the mass thickness required to attenuate 100, 000

roentgen of initial gamma radiation by a factor of 1000 can be stated as a

single number, without any consideration as to whether this radiation field
6

has resulted from a 1 MT or a 100 MT explosion. An additional degree

of analytical refinement can be introduced at considerable additional effort,

by separately investigating the yield-range-energy relationships for more

specific radiation components sucl as fission-product gammas, nitrogen-

capture gammas, fast neutrons, and thermal neutrons.

Even excluding those considerations arising from the multiple-energy

nature of the nuclear radiation forms, a precise correlation still cannot be

established between the mass thickness of shielding and its effectiveness in

attenuating nuclear radiation. First, as a result of multiple scattering

which occurs in any finite material thickness, an energy build-up factor is
6

evidenced. Wholly or in part, depending on the form of presentation, this

factor can be incorporated into simplified plots of shielding effectiveress6
versus mass thickness. In addition, since actual nuclear radiations are

not collimated as they impinge on a barrier, the geometry and surface area

of the shielding will influence the radiation dose which is experienced within

the shielded area.
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The effectiveness of the attenuation of radiation by a barrier shield

is strongly related to the angle of incidence between the shielding plane

and the travel direction of the impinging radiation. The smaller this

angle becomes, the greater is the effective mass thickness which must be

penetrated by the nuclear radiation. The resulting decrease in radiation

energy is usually considered to be inversely proportional to the increase

in travel distance. Experimental studies 2 7 with gamma radiation indicate

that the actual attenuation is somewhat greater than this proportionality

would indicate. Presumably, this increased attenuation is due to greater

scattering of the radiation as the incident angle becomes more acute.

While many modifying factors certainly exist, their influences on

requirements for shielding thickness are not large once appropriate adjust-

ments have been made for shielding geometry and for the anglc of incidence

between the mean radiation and the barrier. 6, Z3 When it is recognized that

the description of the external radiation field is itself highly uncertain, the

use of highly-simplified shielding theory may well be consistent with the

other facets of the problem. For this reason, the earlier structural studies

for the buried shelter 2 considered that the shelter roof and its cover soil

would attenuate nuclear radiations by acting as a thick barrier shield of

infinite lateral extent. A somewhat similar assumption will be used in the

barrier shielding analyses for the shelter entranceways, although here the

geometry of the entranceway will be recognized.

Figure 5-4 relates barrier reduction factors to barrier mass thick-

ness for nitrogen-capture gamma radiation (a 6. 5 Mev) and shows the

effect of incident angle AS on these parameters. (Note that for horizontal

shielding, such as a shelter roof,/35 900 - The selection of nitrogen-

capture gammas as the index component for shielding analyses appears

reasonable, since this is the major form of gamma radiation at the ranges

of interest in this study. The assumption thus introduzed is conservative

from the protective viewpoint, since the integrated ez-et gy of the remaining

initial radiation components is considerably less ( a 3. 2 Mev for the fission

product gammas). A degree of conservatism in establishing gamma shielding

requirements may be warranted, since the production of secondary gamma

rays within the shielding may add significantly to the total gamma flux.
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Figure 5-5 illustrates the barrier mass thicknesses which are

required to attenuate gamma radiation from fallout. The angle of radiation

incidencees no longer requires specific consideration since the fallout

is deposited on all horizontal surfaces. Three representative cases are

illustrated. Case 1 indicates the effect of fallout on a horizontal barrier,

such ths the ground above a buried structure. It is applicable when eval-

uating the overhead contribution of fallout by barrier penetration of the cover

soil and entranceway roof. Case 2 indicates the effect of fallout adjacent

to a vertical barrier, and is applicable when evaluating fallout streaming

into an entranceway mouth. It is of interest to note, for both of these cases,

that the shielding supplied by a given mass thickness is much more pro-

nounced for fallout gamma radiation than for initial gamma radiation. This

reflects the difference in their average energies. Case three is not pertinent.

Finally, Fig. 5-6 and 5-7 indicate the required barrier thicknesses

for neutron shielding. As with Fig. 5-4, these requirements are expressed

in terms of mass thickness and incident angle. Figure 5-6 is applicable to

moderate..energy neutrons from nuclear fission (: 2. 5 Mev), while Fig. 5-7

is applicable to fast ( 0 14 Mev) neutrons such as those produced by a

fusion process. 4,6,28,29

5. 5. 1 Entranceway Wall Attenuation of Neutron Flux

The same mechanisms which act to reduce the neutron flux in barrier

shielding are also operative in reducing the neutron flux which streams down

entranceways. Experimental data 3I while decidedly limited in extent,

provide some basis for estimating the length of corridor which , through these

processeswill reduce the neutron dose rate by one-half. In these referenced

experiments, a therm.l neutron source was placed in a corridor with a

6 ft-0 in. x 6 ft-0 in. cross section. A corridor length of 4. 4 ft served to

reduce the neutron dose rate by one-half. However, when a 4. 5 Mev neutron

source was substituted for the thermal neutron source, the corresponding

corridor half-length was increaaed to 6 ft. Thus, the experimental evidence

indicates that the neutron half-length is a function of neutron energy.

It is assumed that the neutron half-length for an entranceway c'orridor

can be expressed as L

L 1 / 2  7 K (H + B) (5-9)
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where
L1/2 ":length of corridor, ft, which reduces the input

neutron flux by one-half due to corridor wall
attenuat.on

K experimenta:lyv-determined ratio of rneutron half-
length to 'orridor width

H clear height o_ corridor, ft

B clear width of corridor, ft

For the cases of interest in this study, the neutrons which penetrate

the first leg o.E the entranceway can conceivably contain relatively-high

energy (up to 14 Mev). Since no applicable experimental data are available

in this energy range, it is conservatively assumed that there is no neutron

attenuation by wall interaction in the first leg of the shelter entranceway.

For all subsequent legs after the first 90 deg corridor bend, it is assumed

that the tendency for forward directional ecatter has been sufficient to

remove most of the high energy neutrons. The ratio K can then be expressed

as
K = 4. 4/6 = 0. 732

The number of neutron half-lengths after the first bend can be

wpressed as L
L L 2  (5-10)

where
L 1/2 number of neutron half-lengths

L - total lergth of entranceway between the first bend
the point of interest

The neutron reduction factor due to entranceway wall effects can be expressed

as 1

4 ( L 1/2

In conclusion, it should be noted that secondary gamma rays car. be

generated in the entranceway walls, possibly in large quantities, by inelastic

scatter and neutron capture. As is *he case with the secondary gamma rays

resulting from reutron scatter ir. barrier shielding, no quantitative analysis

is available to evaluate this inzreased gamma dosage. It has been suggested
4

that the entrarnceway walls might rezeive a wash containr.ing boron. This

emits relatively-soft gamma radiation upon thermal neutron capture, and

would tend to reduce the problem.
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5. 5. 2 Gjamma Att-enuation by Corridor Bends

Experimental azd theoretical staudies 2 have been cond~lcted to eval.-
iiate the effect of bends on gamma radiation in ducts. Subsequerttly, certain

design it aper:taninirg to this asibject hav been propo3eed, adare Burn-

marized Pi tnis P.zction

First 90 deg Corridor Bend
Rf- 0.1 (-2

where
R.,= gamma radiation reductioz! factor for first 90 deg

1 bend beyond entrance leg

1soli;d angle fraction su±bten~ded by the corridor section
at the next peint' of interest

Subsequent 90 deg Corridor Bends

Rf 0.5 j i = , 3, .. (5-13)

5.6 OVERHEAD CON'TRIBUTIONT TO TOTAL SHELTER DOSE

Some po~c-tion- of the iriti'al radiation will penetr'ate the barrier

shielding provided by Ithe roof an~d its earth co~ver. This overhead cont ribution

wa or -dred to be the sole radiattion. so~irce in the analvses of the shelter

proper, ,2where it was recognized that a b-arst directl~y above the shelter

wou.ld =es-a!L; inr the ma-ximum penetration of th~e barrier. For the shelter

analyses, the roof an-d its cover were considered as a thick shield with large

dimensions in plan. Thus, the radiation penet~ration for a given intenaity

of the external radiation fLield (initial or fallout) could be rel-ated to the total

thickness of the barr-itr and to i~ts material p~roperties.

Two additional factor,- should be considered when analyzing the over-

head contribution f-;rom the entranceway. -First, since rcon-iide rations of

maximum entranc:eway streaming will require- that the design weapon no

longer be positioned directly over'head, the efiective barrier thiCknle3S of the

entranceway roof' and its earth cov;er is now related to i-ts slant thickness.

Next, since the ent~tanceway apvpears in. plan view as a lon~g niarrow passage-

way, It ;is no lon ger. ac reptsble to reýpre sent i.10ts rcoi ts a s emi - infInirte

bar-.ie=. Cons.- dration of the entrainvce'&y geomnetry, recognizing the line-

of -sight to the weiipoli h-uzst and the shieldlng af."forded by the walls of the
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passageway, can lead to a significant reduction in the calculated overhead

dose. In order to determine this, it is necessary to determine the solid

angle fraction for the entranceway, as measured in the line-of-sight plane.

Once the free-field characteristics of the initial radiation have been

obtained from Table 5-1, the solid angle function for the entranceway can

be ?.ead from Fig. 5-1. The corresponding entrance radiation reduction

factors, expressed in terms of weapon orientation and solid angle fraction,

can then be cbtained from Fig. 5-2. Finally, the composite barrier reduction

factor for the roof and earth cover of the entranceway is obtained from

Fig. 5-4 (initial gammas) and Fig. 5-6 (fission neutrons) or Fig. 5-7 (fusion

neutrons). The overhead dose contribution for the entranceway is obtained

by multiplying the f:ee-field intensities of the initial radiation components

by the product of the entrance reduction factor and the appropriate barrier

reduction factors.

The overhead contribution from fallout radiation is computed in a

similar mariner. Presumably the fallout will be deposited as a thin layer

of radioactive material on the ground surfaces adjacent to shelter and its

entranceway. The entranceway is thus exposed to a plane radiation source,

with the entranceway roof and cover soil again providing barrier shielding.

In addition, as when initial radiation was considered, the geometry of the

entranceway in the (vertical) plane of -adiation leads to an entrance reduction

factor.

Entranceway-mouth reduction factors for a passageway exposed to a

plane overhead source of fallout gamma radiation are supplied in Fig. 5-8,

Case 1, as functions of the solid angle friction obtained from Fig. 5-1 or

calculated from Eq. (5-5). The barrier reduction for fallout radiation,

expressed in terms of the mass thickness of the barriei shield, is obtained

from Fig. 5-5, Case 1. A refezence dose rate of 10,000 R per hr at one

hour has been assumed for all fallout situations (Section 5. 4). The overhead

dosa contribution irom fallout radiation car, be obtained by multiplying the

dose rat(', integrated over the time period of interest in accordanc-! :'ti

Eq. (5-8)sby the product of the entrance reduction factor and the barrier

reduction factor. By way of example, the total free-field exposure dose

corresponding to a reference fallout dose rate of 10, OOC I, pcr hr at one hour

and a two-week period will amount to approximately 86, 000 roentgen. 6
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5. 7 CONTRIBUTION OF ENTRANCEWAY STREAMING

TO TOTAL SHELTER DOSE

The additive shelter dose due to streaming of initial radiation along

the entranceway is obtained from a sequence of calculations. Commencing

with the free-field radiation at the entranceway mouth, and recognizing

the weapon orientation with respect to the line-of-sight of the first entrance-

way leg, the entrance reduction factor for initial radiation is determined

from Fig. 5-2. The reduced radiation field then streams along the first

bend, with appropriate tunnel-wall attenuation of any neutron flux, and

encounters th.e first 90 deg bend. This leads to an attenuation of gamma

radiations. The net result is that the second entranceway leg is exposed

to a further modification of the free-field radiation. This process can be

continued as subsequent tunnel legs are encountered. The final entranceway

contribution to the total shelter dose is obtained fiom a series of radiation

streaming studies, where the results obtained for the preceding entranceway

leg becomes the input parameters for the next leg. Any overhead contribution

of initial radiation over the length of tunnel leg, if considered significant,

can be included as an additional input parameter.

It is assumed that a streaming contribution to the shelter gamma

dose can also result when fallout is deposited adjacent to the entranceway

mouth or on the steps of the first entranceway leg. These situations can be

analyzed with the aid of Fig. 5-4 and 5-8. First, the effect of any barrier

shielding is determined from Fig. 5-4. Next, the appropriate entrance

reduction factors are obtained from Case 2 of Fig. 5-8. The product of the

barrier and entranceway reduction factors is then applied to the integrated

free-field fallout dose over the time period of interest, and thle reduced

radiation field determined for the first leg of the tunnel. Since only gamma

radiation is present, subsequent attenuation is attributable solely to corridor

bends. The corridor bend reduction factors for initial gamma attenuation

will also be extended to analyses of streaming by fallouL gamma. As

described for the initial radiation, it would be possible to consider the

incremental streaming contributions in each tunnel leg due to barrier pene-

tration of the tunnel roof and its cover soil. Such a contribution will un-

doubt oe minor and can probably be neglecttO.
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5.8 COMPOSITE ANALYSIS OF THE SHELTER AND ENTRANCEWAY

The design. objectilve, at least from the standpoInt of the radiation

analyses, is to ensure that the total dose reachir~g shelter occupants Will

be less than some prescribed maximum. This aCtion is predic'. r-fIupon~

prior assumptilons as to weapon yield and poz,1-oning, 7romposit-ion of the

weapon and itfg casi-ng, and direction and %-eloc-I~.y of winds after an. attack.

:t has beer. postulated that design will be based aipon the worst case radiatior.

assoc-ated w:.th a specified level of over'pressioc.

Disregarding the entranceway, a maxim-arm condition for the I~niti.al

radiatiun dose within the shelter corresponds to a burst directly overhead.

Next, cornsiderixg the entranceway as well as the shelter, overhead .:_Ortilb-

tution from ir'--al radiation (hence any subsequent streaming of this radi:-.1ton

contribution 1.nto the shelter) will also be a maximum for the overhead burst.

Penetration of the entranceway mouth by the initial r a d 1 a t i o n gene-rally

reaches a maximum when the line-of -sight !or the first tunnel leg is ajiigred

with the burst point. Aný subsequent streaming of this contribution in~to

the shelter J.s simultaneously maximized. F'or this condition, correspond.'r.g

to a burst elevation of some 40 deg above the horizontal plane ~YB Is 500)

f0r `-he ertranceways considered herein, the barrier penetration of the

&rit-,-e r aTnd er~tranceway roofs will be cors~eah les thnfrth ai

mum condit'ono. These factors must be eva1.a-ed -jis to their relatlve

*mportarnze, and the entranceway designed ac- ordir~gly. The cur.troililg

c r:ýerlon, however, is that the total shelter .-adiatiorx dose must not excreed

thie prescribed ma~ximum for any single positioning of th'ý weapor..

In the precedir?_ sections, no attempt has been made to trea4 the

question of radiation attý_-nuation in a comprehený-ive or a rigoro,.slý det'ziled

manner. The discussions presented therein have been limited, insoiar as

poss'.bie, to exple-inations of the related design tables, equatior,.4 and f5.gures.

The reader des.ring a more comprehensive treatement of the si.Abject is

directed to Relf,_erces 3, 24, 26 and the. papers ref,-rfi.i-ed thertii'.
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CHAPTER

DESIGN OF STRUCTURAL ELEMENTS

6 1 INTRODUCTION

The shelter entranceway configurations of interest in this study are

identified in C .,a C-, t e 1,. I as the rectangula., cubicle, full cylinder and spheres

including various combinations thereof. The structural elements discussed

in this chapter are designed as integral components of these entranceway

configurations, Only monolithic slab, wall and shell elements are consid-
1,2

ered, since earlier studies 2 have shown that framed construction is

normally not economical for the range of loadings which will be applied.

The factors which govern the nature, magnitude, distribution and rate of the

loading for these structural elements are discussed in Chapter -1

The actual response of a structural element to a dynamically-applied

load is influenced by material and load parameters Many structural ma-

terials exhibit increasing yield or ultimate strengths as the rate of load

application I ;ncreased In recognition of this, appropriate values for

material strengths associated with dynamic conditions of loading are

introduced into the analyses of structural elements for blast-resistant struc-

tures. Also, if the dynamic loading is removed before a structural element

has reached equilibriu-i under its action, the structural requirements may

be less severe than for a longer duration of the same magnitude of load. A

detailed evaluation of structural response must cors.ier the pressure-time

variatior of the applied loading and the frequency response of the structural

element In order to preserve generality in the structural analyses however,

the elements have been designed for an "equivalent" uniform static loading

rather than ior a particular dynamic loading

The entranceway must retain its structural integrity throughout its

period of projected use. This requirement may be of particular significance

in the design of blast-resistant structures, du,. to the "negative" phase which

follows the positive dynamic loading Full or partial reversal of stresses

may thus result, and should be recognized in the structural analyses. The

design should provide for anticipated strain d ?continuities an,!

I1! RESEARCH INSI1TUTE

6-1



concentrations of secondary stresses. If these possibilities are recognized,

careful design of structural details should preclude excessive spalling of

concrete surface's or similar evidences of localized structural distress.

Welded joints for steel members are considered to be desirable, and custo-

mary anchorage requirements for concrete reinforcement are supplemented

by requiring that lapped steel be welded. The design detailing of structural

elements should ensure that the full strength of the weakest member will be

developed prior to failure of -. structural connection.

In the following analyses of structural elements, many of the details

which must be given recognition in the actual design of entranceways are

not explicitly considered. However, minimum thicknesses are specified

for major structural members, as are minimum area values for reinforcing

steel in concrete elements. Cost expressions and equations which incorporate

the various assumptions as to in-place costs are supplied for the several

structural elements. These cost relationships may be adjusted for regional

and temporal variations in cost, if so desired, by substituting revised data

into the basic cost expressions. Such a procedure is recommended if

detailed cost studies are required for a specific shelter. The estimated

costs of structural details, where not explicitly appearing in the cost

equations, are implicitly included in the unit in-place costs for the struc-

tural materials.

The generalized terms which appear in the cost equations of this and

subsequent sections are expressed in several different ways. The in-place

cost of a material unit is first identified. The cost for a structural element

is next computed as the linear sum of its component material costs. Finally,

depending on the physical form of a structural element, its composite cost

may be expressed as a total cost, In order to avoid any later confusion, the
cost notations and their lndaning are described as follows:

(a) X(n)

This notation, characterized by an upper case X with

lower case subscripts, refers to the in-Alace cost of a

unit of a given material. It can be expressed in dollars

per unit length (ft), unit area (sq ft), unit weight (lb), or

unit volume,(cu ft), of the material.
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(b) C(n)

This notation, characterized by an upper case C with a

lower case subscript, refers to the unit in-place cost of

a particular structural element. It is expressed in dol-

lars per unit area of outer surface (sq ft) in the case of

slabs, walls and shells, and in dollars per linear foot

for rectangular frame members and for compression or

tension support rings.

(c) C(N)

This notation, characterized by an upper case C and

•P ;?2er case subscript, refers to the total in-place cc ..t

of a particular material in a structural element. It is

expressed as a total cost, in dollars.

(d) kj

In specific instances where the unit cost, X~n), is

dependent on some dimensional properties of the

structural element, the X(n) term is replaced by

a singular k term.

The material unit costs which are presented in C ha pt e r 2 a r e

used as the basis for determining structural element costs. The application

of cost data is achieved, where possible, by formulating cost equations which

contain a sufficient number of terms for an adequate representation of the

cost variables. The detail with which the costs of a particular element are

investigated in this study is, to a considerable degree, dependent upon the

probable contribution of the element to the overall shelter cost.

6. 2 RECTANGULAR CUBICLE (Monolithic Reinforced Concrete)

6. 2. 1 Design

The rectangular cubicle is suitable for use as an element in a shelter

entranceway system. From the results of earlier studies of this configura-

j tion, ' it is anticipated that a monolithic structural system with heavily-

reinforced concrete will be required for this application. One-way reinforced

roof and floor slabs will then frame directly into reinforced side-walls,

providing full moment continuity at the edge supports. This situation can,
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for analytical studies, be represented in two-dimensional form by a column

bent of unit width. In addition, of course, it will be necessary to provide

end walls with adequate resistance to lateral forces. These end walls will

also frame into the roof and floor slabs, initiating localized r:,oments and

corresponding localized requirements for reinforcing steel.

Two distinct loading conditions must be recognized. The first of
1

these, which has been analyzed in the study of the shelter proper, occurs

when the blast wave does not reach the interior of the cubicle. As a con-

sequence, only the exterior plane surfaces of the cubicle are loaded. The

magnitudes of the blast-induced loadings on these surfaces are directly

related to the surface orientation, to the soil characteristics, and to the

value of the overpressure at the ground surface (Cha p t e r 5 ). These

dynamic loadings can be represented in their static equivalent forms as
2

uniformly-distributed loadings of q lb per in. for horizontal surfaces and

as kh q for vertical surfaces. (Here kh is the ratio of horizontal to vertical
5.hsoil pressure, with its absolute value dependent upon the soil type. ) The

loadings q and kh q are inwardly-directed with respect to the cubicle and.

when applied to a horizontal surface, produce compressive loading on the

suppirting members plus moment transfer at the beam-column (or wall-

slab) connection. Similarly, loading on vertical surfaces imposes a com-

pressive axial loading on the reacting horizontal members, again with the

transfer of moment at the end connection.

A second loading condition arises when the reduced reflected pressure

can actually penetrate within the cubicle interior. An outwardly-directed

reflected pressure, which at any specified time is assumed to have a con-

stant magnitude, irrespective of position or location, will then act normal

to all cubicle interior surfaces. Although the exterior blast loading is also

assumed operative during this same time interval, its magnitude is less

than that of the interior reflected pressure. The net effect, in comparison

with the first case, is to reverse the directions of loading on the cubicle

surfaces.

The generalized analysis assumes a unit-width section of gross depth

D inches, which is simultaneously subjected to dynamically-applied ultimate

axial load of Ndu per in. of width and to a dynamically-applied ultimate
lIT RESEARCH INSTITUTE
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moment of Mdu in. -lb per in. of width. Positive signs, in this notation,

are attached to outwardly-directed axial forces (tension) and to counter-

clockwise rotation due to load eccentricity ed relative to the centerline

(Mdu ' Ndu ed). A row of reinforcing steel (AsL and AsR) is supplied at

each bending face of the section, with concrete cover d' and d" such that

d' = d" = 0. 10 D. From this it follows that d = 0. 90 D, where d is the

"effective depth" I of the bending section.

The equations of equilibrium for a reinforced-concrete section which

is simultaneously subjected to axial loading and to end moment can be

written in a generalized form.

[ uK IL+K [L( )K IR + K2R(c/d)

b dc V3L + K4L (c/d) I dR 3R + 4R (c/d) (

+0.85 K5 (c/d) +K 6 + (7----)

Mdu 0.444 q{dL K + K (c/d -q1 KR + KZR (c/d)

bd f' K3L 4 L(cd)I K3R + K 4 R (c/d) (6-2)dc

+0.472 K 5 (c/d)+K 6 + 7-7- 1 - 1.80 K K (c/d)+K +7

where
Ndu = dynamically-applied axial thrust, lb

Mdu = dynamically-applied end moment, in. per lb

AsL fdy

dc

SAsR fdy
qdR =b Z f ;dc

A sL area of reinforcing steel in row located on left side of
Asb centerline, in. 2 per in. of section width

A s 'area of reinforcing steel in row located on right side of
AsR centerline, in. 2 per in. of section width

f dynamic yield strength of reinforcing steel, lb/in. 2
fdy (assumed equal for both tension and compression)
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f = dynamic ultimate strength of concrete test cylinder
loaded in compression, lb/in. 2 (Related to compres-
sive strength of short concrete column by applying
0. 85 reduction factor, as in conventional practice.
Also, the dynamic ultimate compressive strength is
taken at 1. 25 times the static ultimate compressive
strength.)

b - width of section, taken as 1 in. for all subsequent
calculations

d = effective depth of section (in.) taken as 0. 9 times the
gross depth of section

c/d = the distance separating the extreme compressive fiber
and the neutral axis of the bending: section, referenced
to the effective depth of the same section

K 1,2 = constants depending upon the rotation of the bending
cross section and upon the material properties. The
subscripts L and R identify location relative to the
centerline of the member.

By assuming that the bending cross section has a plane-strain distrib-

ution, geometrical considerations are sufficient to define limiting loading

situations for combinations of N and M. Once these are obtained, specific

solutions (valid within each strain-compatibility range) can be obtained for

Eq. (6-1) and (6-2). Limiting conditions are realized as the load eccentricity

ed approaches zero, where the loading situation becomes that of an axially-

loaded column; and similarly for decreasing N as ed becomes very large,

where the situation becomes that of bending moment in the transversely-

loaded beam without end thrust.

In an actual design situation, considering the monolithic cubicle as

described earlier, the situation at the wall-roof joint can be examined

initially on the basis of full joint fixity. The ultimate plastic moment at the

end of a roof slab of clear span L ft, supporting a uniform transverse load
.2of q lb per in. on its surface, is Mug: 9 q L2 in. -lb per in. of width. The

ultimate plastic moment at the end of a wall of clear height H ft, support;,ng

a uniform transverse load of kh q lb per in. 2 on its surface, is MuW =khq H2 .

The axial thrust on the roof slab, assuming that it furnishes reactive support

to the wall, is khq (6 H + D slab) lb per in. of slab width. Similarly, the axial

thrust on the wall is q (6 L + Dwall) lb per in. of wall width.
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In the general case, these two end moments will not be numerically

equal. The joint is not fully restrained, although passive erth pressures

will tend to resist any joint rotation, and there will be some tendency for

moment equalization. However, since the analysis is based upon ultimate

strength of the bending cross acction and upon plastic rpdistribution of

maximum bending stresses prior to collapse of a member, it is appropriate

to assume that no significant moment redistribution will occur.

The designer, then, is faced with two broad choices. Either he can

proportion both connecting members to resist the larger of the two fixed-

end moments, recognizing that this will result in an excess moment capacity

in one member, or he can proportion both connecting members to resist

the smaller of the twc connecting moments. In the latter situation, additional

moment steel must then be added to the member with the larger fixed-end

moment. In view of the many uncertainties involved, the first of these two

methods appears preferable.

It is also necessary to examine the bending resistances in the central

portions of the wall and the roof slab. The maximum bending moments at

these locations, as a consequence of the assumption of plastic redistribution

of moments, will be approximately equal to the fixed-end moments. In

general, and certainly within the precision of this study, the preliminary

design of the wall and roof sections can be based upon the thrusts and mo-

ments at their connection. However, it will also be necessary to ensure

that the shearing mode resistances are adequate.

6. 2. 2 Unit Cost

The composite unit cost Ct of the eccentrically-loaded rectangular

section can be expressed in terms of its component costs for concrete (Cc),

for main reinforcing steel (C s), for temperature steel (C st) and for form-

work (Cf). One-way reinforceme it has been assumed, and diagon1l-tension

reinforcement has been excluded irom specific consideration.

Xd
C (c 6-3)

C s R K + K• d positive N and M (a) (6-4)
1. dc I
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i
C = - Ld--- K6 + K 2  negative N and M (b) ý6-4)

Xdc, X d 6
C s te
Cst t (6-5)

C• f xf (6-6)

Ct C c C s + Cst + Cf (6-7)

100 A A
In Eq. (6-4), R sRand LL = 100 1 . Values of K61

and K6. are obtained from trial layouts of reinforcing steel and are related

to the ratio of 4R/6L, as indicated in Table 6-1.

Table 6-1

VALUES OF K 6 1 AND K FOR USE IN COST EQ. (6-4)

SR/6L K K
R L 61 6

1/0.50 1.531 0.0334

1/0.75 1.765 0.0389

1.00 2.000 0.0445

0.75 1. 765 0.0389

0.50 1.531 0.0334

A program was prepared for the IBM 7 09 4 computer, usingthe equil-

ibrium relationships of .q. (6- 1) and (6-2). Thes. relationships were bounded

by the known compatibility constraints for the nonhomogPneous materials

in the reinforced concrete, and by a requirement for plane-strain distrib-

ution across the bending cross section. Concurrently, the material cost

equations were included in this program. Iterative solutions were then

employed to find the minimum-cost design data corresponding to specified

values of N and ed. Typical data from this program are supplied in

Table 6-2.
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Table 6-2 (a)

MINIMUM IN-PLACE COST FORf ONE-WAY REINFORCED-CONCRETE
RECTILINEAR ELEMENTS WHICH ARE SUBJECTED TO TENSILE LOADING
IN THEIR AXIAL PLANE, PLUS UNIFORMLY-DISTRIBUTED TRANSVERSE

LOADING IN A SECOND PLANE
(44,000 • fdy •75, 000; 2000 4 f' c' 6000; 0.25 vR 1. 50;

0.50 <6 /16R .00)

Ndu Mdu f f 6 Ct
Ndudy 2  c R D

(lb/in.) (in. -lb/in.) (lb/in. ) (lb/in.2) L R (%) (in.) ($/ft )
255 7, 500 75,000 5,000 0.50 0.75 4.3 1.90

714 7, 500 75,000 6,000 0.50 0.65 4.5 1.91

748 9,800 75,000 6,000 0.50 0.65 4.8 1.96

816 9,790 75,000 6,000 0.50 0.65 5.2 2.04

1155 33,960 75,000 5,000 0.50 0.95 7.8 2.86

1694 33,960 75,000 5,000 0.50 0.95 8.6 3.06

2880 84,670 75,000 6,000 0.50 0.95 13.5 4.26

3234 33,930 75,000 6,000 0.50 1.25 7.9 3.21

3388 44,380 75,000 5,000 0.50 0.95 10.4 3.50

3696 44,350 75,000 6,000 0.50 1. 15 9.5 3.53

4224 84,690 75,000 6,000 0.50 1.05 13.4 4.40

5730 168,460 75,000 6,000 0.50 1.05 18.8 5.79

8064 84, 590 75,000 6,000 0.50 1. 35 13.0 4.80

8404 168,500 75,000 6,000 0.50 1.25 18.0 6.06

8448 110,670 75,000 6,000 0.50 1.35 14.5 5.27

9216 110,590 75,000 6,000 0.50 1.35 14.8 5.35

9375 275, 625 75,000 6,000 0.50 1. 15 ?.3. 7 7.33

10,000 30,000 75,000 6,000 0.50 1.35 9.7 3.86

16,044 168,300 75,000 6,000 0.50 1.35 20.0 6.87

16,808 220, 185 75,000 6,000 0.50 1. 35 22.3 7.54

18,336 220,030 75,000 6,000 0.50 1.35 22.9 7.72

26,250 275,362 75,000 6,000 0.50 1.35 27.9 9.19
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Table 6-2 (b)

MINIMUM IN-PLACE COST FOR ONE-WAY REINFORCED-CONCRETE
RECTILINEAR ELEMENTS WHICH ARE SUBJECTED TO COMPRESSIVE
LOADING IN THEIR AXIAL PLANE, PLUS UNIFORMLY-DISTRIBUTED

TRANSVERSE LOADING IN A SECOND PLANE
(44, 000 <. f <75,000; 2000 4f' Ig6000; 0.25 4R 6 1'50"

N Mv fddu du f c L D t
2y(lb/in.) (in. -lb/in. ) (lb/in.2) (lb/in.2 ) •R/ L (%) (in.) ($/ft .

-150 -4,400 44 000 2,000 1.00 0.25 4.0 1,55
-220 -4,400 60,000 4,000 0.50 0.55 4.0 1.68
-420 -4,400 75,000 4,000 0.75 0. 35 4.0 1.65
-440 -5,760 60..000 4,000 0.50 0.55 4.2 1.71
-480 -5., 760 75. 000 4,000 0. 75 0.35 4. 5 1. 73
-750 -22.050 60,000 2,000 0.50 1.05 4.0 2.05

-1100 -22,050 60,000 2,000 0.50 1.05 4.0 2.05
-1500 -44, 100 60,000 2,000 0.75 0.95 4 0 2.08

-2100 -22,030 60,000 2,000 0.50 0.95 4.0 1.98

-2200 -28,800 60,000 2,000 0.50 1.05 4.0 2.05
-2200 -44, 100 60,000 2,000 0.50 1.05 4.0 2.05

-2400 -28; 800 44,000 2,000 0. 75 0. 95 4.0 2. 00

-3000 -88,200 60,000 2,000 0. 75 0.95 4.0 2.08
-4200 -44. 060 44,000 2,9000 1. 00 0. 75 4. 5 2 04

-4400 -57,600 60,000 2.000 1.00 0.75 4.8 2 21
-4400 -88,200 44,000 2,000 1.00 0.85 4.9 2.22

-4800 -57,600 60, 000 3,000 0. 75 1. 25 4 0 2. 19

-4875 -143,300 60, 000 3,000 1.00 1.25 4.0 2.30
-7150 -143,400 60,000 3,000 1.00 1.25 4.9 2.60

-8400 -88. 100 52,000 3,000 1.00 1.15 5.9 2 74
-&800 -115,300 60,000 3,000 1.00 1, 15 6.2 2,88
-9600 -115, Z00 52.000 3.000 1.00 1. 15 6.7 2. q9

-13650 -14, 200 60.000 4:000 1.00 1.25 7.4 3.31

-14300 -187.300 60,000 4.fl00 1.00 1 35 7.7 3.52

- 15600 -.187,200 60,000 4, 0"2 1.00 i.25 8.5 3 64
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6.3 THICK-WALL CYLINDER (Prestressed Concrete)

6. 3. 1 Design

A cylindrical structural element, with its longitudinal axis either

horizontal or inclined, is suitable for use in one or more of the entranceway

sections. The preliminary analysis of this element assumes that it is radially

symmetric with respect to its longitudinal axis, and is loaded in these planes

of radial symmetry. For this axisymmetric idealization, the weight of the

member itself is neglected. Such items as nonuniform loading and structural

discontinuities cannot be evaluated directiy by this approachothez than by

investigating their probable range of effects. Axial loading in the longitudinal

plane can be evaluatedhowever, if symmetric with respect to the longitudinal

axis.

As discussed in Chapter 4, any portion of the entranceway which is

located upstream from the blast door will be subjected to two forms of blast

loading. The first of there is an externally-applied loading, either applied

directly to the structure or transmitted through some shallow depth of sol.

The simplifying assumptions proposed in Chapter 4 for this loading situation

are admittedly crude, since they eliminate any direct considerations of drag

and/or reflected pressures on any above-ground projections, plus any explicit

recognition of nonuniformities in the loading imposed on the structure. If

these aseurr.ptions can be tolerated, however, the dynamic loading which is

externally-applied in radial directions can be simply expressed as pm a Pso"

This is a long-duration loading when pso is occasioned by a megaton weapon,

hence Pm can be related to an equivalent uniform static load, q, by introducing

the ductility ratio, )A , for the particular structure of interest.

There will also be additional loadings due to the weight of any earth

cover, plus dead and live loadings on the ground surface. However, these

are generally n'inor in relation to the overpressure loading. If they need be

considered at all, they can usually be treated as an additional radial loading.

externally applied. Thus. the total external loadinm ca" be approximated

as q E with each term in this summation representing a uniformly-

distributed, equivalent static load. These loads act on the exterior of the

cylindrical element and are directed radially inward.

fit i*SISaCH INSMIIUTS
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The second form of blast loading is an outwardly-directed radial

loading, which wiil result when the blast wave penetrates into the interior

of the cylindrical element. As discussed in Chapter 4, the interior loading

sequence can then be a very complicated one. The peak surface side-on

- overpressure is reduced in value as it enters the passageway, hence pso

in the Rankine-Hugoniot equations 6for peak reflected pressure is replaced

by Pto, the transmitted overpressure. The resulting expression for the peak

reflected interior pressure, pri. is supplied in Chapter 4 by Eq. (4-4). The

front of this reflected pressure is assumed to impinge with zero degrees

incidence on all interior surfaces of the passageway.

The reflected interior pressure is obviously a dynamic loading, but

it too can be replaced for analytical purposes bV an equivalent uniform static

load. However, while we could write pso = f (uA q) for the long-duration

overpressure loading from a megaton weapon: the effective duration of the

peak reflected pressure may be less than that of the overpressure by one

or more orders of magnitude. Therefore, as is appa: ent fromFig. 4- 1,

the functional relationship which exists between p and q may be quite

different from that existing between ps0 and q. This could be true even if

the ductility ratio of the structure remains unchanged.

The effective structural loading, as _ntroduced into the design equations,

can be appreciably less if recognition is given to the brief effective duratior

of the reflected interior pressure relative to the natural period of vibration

"of the structure. However, there is no simple method for determining the

proper value ior this effective duration. Detailed analyses can be made for a

particular entranceway and for identified blast wave parameters, but this

approach is impracticable in a generalized analysis. It is, of course, con-

servative from the standpoint of safety to assume that pri acts as a long-

duration load. Alternatively, one might perhaps assume that td /T 1. 0

(Fig. 4. 1) and thus obtain more realistic relationships between the ductility

ratios and the equivalent static loads.

In any event, the interior loading for the cylindrical element due to

the interior reflected pressure p ri can also be represented by an equivalent

static loading, q1 . which is radially-directed outwards. Since the appliedIqI
loadings are large, and since the traffic capacity requirements (Chapter 3)
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can be satisfied with relatively-narrow entranceway elements, it follows

that the ratio of cylinder interior radius to cylinder wall thickness is usually

small. When this ratio falls below about ten, elastic design concepts suggest

that consideration should be given to the actual distribution of stress across

the cylinder wall. 32,33 For this thick-wall case, general equations have

been derived for the radial and tangential stresses within the cylinder wall.

These are supplied herein in terms of the notation of References I and 2,

on the assumption that the cylinder can be represented as a homogeneous

and elastic material.

[c (SL J (SL 1 S2 (SL + D/6) 2 11
f t) S [ r((SL L(-8

r(SL+ D/6 2 S +4r - ( (SL + D/6) -S -))
q[SLZ - EqE + D/ 6)- (q qE) SL (SL + D/6)2

fL ('L + ] L (6-9)
t~ zq 1  + D/6)ZS

S (SL + D/ 6 )z SL 4r Z (SL L

where

SL = interior diameter of cylinder, ft

D = thickness of cylinder wall, in.

r = radius to interior point in cylinder wall, ft

-<r •< L- +D

qI : static equivalent uniform load directed radially
outward and acting on the inner surface of the
cylinder, lb per in. 2

qE = summation of all static equivalent uniform loads
which are directed radially inward and act on the
exterior surface of the cylinder, lb per in. 2

These equations can be evaluated at the boundaries of the cylinder

wall.
f = "q (a)

r L (6-10)

f =-. qs (b)
r sL

r-7- ---•
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ft ql (SL + D/6)2 + " E qE (S + 2D/6)Ir SL LI L qS 1' L - 5 +D/6)6) S
r=---- (SL +D/ 6 )ZL- (a(6-11)

f2 q S "q. [(SL + D/6) + S(b)

r = -+ D (SL +D/6)'-SL

It is apparent that the radial stress is always a compressive one,

varying in a nonlinear fashion across a section through the cylinder wall.

Equation (6-1 la) also indicates that, for any loading conditions such that

qI < 1/2 1 + S( + D , there will be tensile tangential

stresses at the interior surface of the cylinder. A reinforced concrete

section has been shown1'2 to be efficient in resisting direct compressive

stresses, always assuming that loading conditions are such that buckling

does not occur. Hence, concrete appears as a logical choice to resist the

compressive radial stress. However, the associated tensile forces due to

the tangential stresses then become of concern, since tensile cracking of

concrete is frequently encountered at tensile stresses approaching 0. 1 f'.c
For purposes of this study, the limiting allowable tensile stress in concrete

will be set at 3V 7Tc

The limiting equation for loading on the cylinder (Eq. 6-1 la) can be

written in terms of this maximum allowable tensile stress

SL = l [(S +D/6) 2 + S2] -2 E qE L + D/6) 3

S(SL +D/ 6 ) L S (6-12)

The form of this equation suggests that the tensile stresses produced

by a given interior loading, qI, could be kept within an acceptable upper bound

by suitable adjustments in the magnitude of the exterior loading, EqE" This

in turn suggests the use of prestressing forces to apply an increment of radial

loading, qEp' to the exterior surfaces of the cylinder. Accordingly, we will

examine prestressed wall sections where an initial loading condition is intro-

duced by post-tensioning. The steel strand for this purpose will be wrapped

around the exterior of the cylinder with continuous stressing, and suba'equently
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grouted. The exterior loading EqE can then be considered as consisting

of three parts; q~p' which represents the effective load component due to

prestressing; qEs, which represents the effect of conventional dead loads or.

the structure; and qEd' which represents the earth-transmitted effects of

blast loading. This separation permits us to write expressions for the

minimum value of the effective radial prestressing load, qEp which is .suffi-

cient to keep tensile stresses within the cylinder wall to a maximum value

of 3 7C under the applied loadings. The parametric relationships for the

desired control of tensile stresses in the cylinder wall are given by the

following equation.

(6 13)

At this stage, it is also necessary to consider the compressive stress

introduced in the concrete by the prestressing forces. The prestressing

forces, insofar as the cylinder is concerned, constitute a long-duration

loading. For this reason, and also since any plastic flow in the concrete

may reduce the effective prestressing forces, the maximum compressive

design strength for concrete under prestressing forces alone has been set

at 0. 45 f'. (Section 2. 5. 1) This condition corresponds to the pre-attack
c

situation, where the blast-loading components are not operative. The maxi-

mum compressive stress in the cylinder wall, for this loading pattern, is

in the tangential direction. Its peak . lue occurs at the interior surface of

the cylinder, where r = S L/2. 2 EqE(SL+D/6)
f(t - ] (6- 14',

(SL + D/6) 2  SL
ql0

r S SL/ z

Since no blast loading is operative for this situation, the externally-

applied radial loading EqE can be considered as the sum of the radial pre-

stressing component. qEp' and the radial loading, qE. due to dead loading.

Thuswe substitute in Eq. (6-14) and solve for qEp (maximum) in terms of

the limiting value of (-0. 45) f' in compression
C
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r./.

qEp 0.225fc IL . +/ qEs (6-15)
c L L '

The effective prestressing force in the externally-wrapped strand will

be designated by Tsp, in units of lb per lineal in. of cylindrical barrel. This

force can then be identified by its inwardly-directed radial component, qEp'

as follows,

Tsp = (6 SL + D) qEp (6-16)

The effective prestressing force, Tsp, should be associated with a

value of qEp which satisfies the limits established by Eq. (6-13) and (6-15).

These limits are not mutually exclusive for all situations of practical

interest within the scope of this study, and thus must be separately investi-

gated. If these equations are both satisfied, however, the tensile stresses

in the cylinder shell will be restricted to values not exceeding 3"V71 under

the postulated magnitudes of both long-duration (prestressing) and short-

duration (blast) loading. At the same time, compressive stresses in the

shell will not exceed 0. 45 f' under long-duration loading.
c

A final step involves checkipg the shell compressive stresses under

short-duration loading. It is readily apparent from Eq. (6-9) that the effect

of q, is to reduce compressive stresses in the cylinder wall, hence it might

be concluded that the critical condition for compressive stress is always

associated with the long-duration loading imposed by the prestressing forces.

However, the time sequence of loading could be such that the inwardly-

directed blast loading component qEd continues to act after q, has 'Jeen

removed. This situation can readily be investigated, recognizing that the

loading component qEd will still be of short duration insofar as the response

of the structure is concerned. For this situation, it should be possible to

develop an ultimate compressive strength in the range from 0. 85 f' to

0. 85 fV .(Section 2. 5. 1) Using the lower limit of this range, and applying

Eq. (6-11b), we obtain the following expression

p (SL + D/6)2  S 2

... q " q5 f LLq (6-17)
~Ep 8  c 1[ (SL + D/6) Z +s J. Es (6-7)
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It will generally be found that Eq. (6-17) does not control the com-

prespive design, at least within the range of interest of this study. However,
0

it should be checked. The most efficient design procedure will then include

the following steps.

(a) Apply Eq. (6-15) to find the maximum permissible value of the

prestressing radial component, assuming blast loadings are not operative.

For this loading condition, the analysis assumes that tangential compressive

stresses at the inner surface of the cylinder will reach their maximum

working value of 0. 45 f' under prestressing loads. Note that the portion
c

of the prestr(.'•'. o0rIponent which remains effective after creep and

relaxation, (including any compressive strain in the concrete) must be at

least sufficient to satisfy (b).

(b) Apply Eqý (6-13) to find the minimum effective value of the

prestresping radial componerit which will limit tensile stresses at the inner

surface of the cylinder, under fully-loaded conditions, to a maximum of

(c) Use Eq. (6-17) to find the value of the prestressing radial com-

ponent which, under partially-loaded conditions, will produce compressive

stresses of 0. 85 f' at the interior cylindrical surface. This value of the
c

prestressing component, which will usually not be critical, can be checked

against that identified in (a). Since there will be some loss in the initial

prestressing forces prior to the application of any blast-indt- -d loading,

the value of qEp from calculation (c) can be moderately in exc.' s of that

determin-!d in calculation (a).

(d) Once a working value of qEp has been established, with any

appropriate a'! .... [c r anticipated prestress losses, calculate the

required prestre3sing force from Eq. (6-16).

6. 3. 2 Unit Cost

The unit costs of prestressed shell elements can be related to the
cost factors . C 5 , C Cf, and C . The C cost factor refers to the

cost of concrete per unit area of shell outer surface. Cost factors C and

Csp -fer to costs of reiniforcirg and prest-ess steel, respectively. Here

C is a function of shell thickness, while C is related to the cost of the

required length of prestressing strand per unit of shell area. The factors
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C and C express the cost of form work and of the protective gunite covering
f g

for the prestress strand, again as a function of unit area.

It is advantageous for cost study purposes to express the effective

prestressing force, Tsp, in terms of the total required length of pre-

stressing strand per unit area of shell outer surface.

12 T
L sp= Fsp (6-18)

spp

where
*L = required length of prestressing strand, ft per sq ft

Lsp of exterior shell surface

F = manufacturer's recommended design load per ore-
sp stressing strand, lb, (Table 2-7)

These cost factors can be expressed as followrs:

C D X 16-19)
c =L X

C D 6 t
Cs = ZOO- xs ,-o

sp sp p

Cf X f (6-22)

C = Xg (6-23)

where3
X = unit cost of concrete, lb per ft 3 (Table 2-9)

c

X a= unit cost of steel reinforcing rod, lb per ft 3 (Table 2-6)

X = unit cost of prestress steelexpressed an lb per ft for
Xap strand (Table 2-8)

Xf = unit cost of form work, lb per ft2 (Table 2-10)

Xg = unit cost of gunite protective coating, lb per ft2 (Section 2. 4. 2)

t = percentage of reinforcing steel in the longitudinal
direction, expressed in terms of the gross concrete

area normal to t.:. direction of reinforcement. A
constant value of 6 t = 0. 5 percent will be used for the

thick-wall cylindrical shells of this study. This steel
wili also satisfy any requirements for temperature reinforcement.
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ThL composite cost factor for a prestressed concrete cylinder,

per sq ft of surface area, can be expressed as

Ct = C +C +C +Cf+C (6-Z4)t c s sp f g ~-4

6.4 THIN-WALL CYLINDER

The discussion in Section 6. 3 identified the thick-wall cylinder

as one in which the ratio of interior radius to wall thickness, expressed

in consistent units, is less than ten. For larger values of this ratio, it

is usually satisfactory to assume that the stress distribution across the

wall cross section is no longer a function of the radius. This assumption

results in the thin-wall analysis, which will be described in this section.

In general, this thin-wall analysi- -. -licable to all structural steel

shells, whether designed for interior or for exterior pressure loadings.

It is also applicable to shells of reinforced concrete where the requirements

for structural resistance can be satisfied by a thin-wall section. This

situation w~ll frequently exist in an entranceway passage which is sealed

from blast penetration. In this latter case, the only significant design

loading is the earth-transmitted pressure, which is assumed to act radially

on the exterior surfaces of the cylinder. 1,2

6. 4. 1 Reinforced Concrete (Compression Loading)

1. Design

It is assumed that ground-transmitted loading of buried entrance-

way structures due to air blast at the ground surface will be in the form of

externally-applied radial pressure Woads. It is further absumed, 14, 15

although with somewhat less confidence, that the lateral restraint proviAed

by the surrounding earth will be adequate to preclude elastic buckling of

the compressed shell elements. From these assumptions, it follows that

the simple compressive failure mode will govern the structural design of

cylindrical entranceway elements.

The equivalent uniformly-distributed static load which corresponds

to the ultimate compressive-mode strength of a reinforced concrete cylinder

can be expressed in the following formI
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[ D0. 85 V + 0. 01 t l] (6-25)c -- 6S L + D 0.5dc tfdy

where
q c equivalent static load which develops the ultimate

strength of the section in the compressive mode,
2

lb/in. In this application, qc = q where q is the

static representation of the overpressure loading
at the ground surface.

D = thickness of wall of concrete cylinder, in.

SL = interior diameter of concrete cylinder, ft

fdc = unit compressive ultimate strength of concrete

under dynamic loading, lb/in. 2

f = unit compressive yield strength of reinforcing
steel under dynamic loading, lb/in. 2

gt = reinforcing steel in circumferential direction,
expressed as a percentage of the gross concrete

area of the cylinder wall cross section.

100 A
S=where A5 = cross sectional area

of reL-'forcement per unit length of cylinder peri-
meter). For the shells investigated herein, 6t
will be taken as 0. 5 percent. I

All values except D can be specified as input data, if subsequent

recognition is given to any applicable dimensional limitations. Equation

(6-25) can then be rewritten as

D q (6S L + D) (6-26)
0.85 Vdc +0.01 6 f

In cases where the limiting shell dimension of D = 3 inches governs,

the preferred design variable then becomes fV. Equation (6-25) is then

written as

" M 1. Is [q (-6 SL+D 0.01 6tfd (6-27)
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2. Unit Cost

The unit cost per sq ft of surface area of a reinforced-concrete

cylindrical shell element is a function of the cost factors CQ C' and

These cost factors are similar to those supplied in Section 6. 3. 2 for the

prestressed concrete cylindrical shell.

Cc TY "I c :-8

C D 6t X , . 2-4

8 s

Cf=Xf $6-.3Q•

The composite cost factor for the thin-wall reinforced-concrete

cylinder is the linear sum of the material costs.

Ct =Cc + s +Cf

6. 4. 2 Reinforced Concrete (Tension Loading)

1..Design

The design of the thin-wall reinforced concrete cylinder for

tension loading is very similar to the design of the thick-wall tension cvlii•-.

der (Section 6.3. 1). As before, it is reasonable to consider prestressed

designs which utilize wrapped high-strength strands to resist the induced

tensile stresses. However, due to the thinness of the cylinder wa!l in

relation to its radius, it is now acceptable to assume that dircct stresses

are distributed uniformly over a cross section of the cylinder wall.

With this assumption of uniform stress dist-ibttion Eq. (6-15)

of Section 6. 3. 1 can be rewritten to indicate the maximum permissible

value of the radial prestressing component iri an externally-wrappod.

prestressed thin-wall cylinder. This limitation, as before. (Section 6. 3. 1)

results from the stipulxtion that concrete compressive stresses under the

effective long-duration prestressing loads should not exceed 0. 4i U.C

0.45D, -U:6- 3
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where
q Ep(max) -maximum value of radial component of pre-

stressing force, Tap, corresponding to a

limiting concrete compressive stress of 0. 45
V under prestressing loads plus dead loads.
c 2

Units are lb/in. of cylinder exterior surface.

V = ultimate compressive strength of statically-c loaded concrete, based on results of standard

28-day test on cylindrical specimens, lb/in. 2

D = total wall thickness of cylinder, in.

SL = interior principal diameter of cylinder, ft

qEs = radial component of dead-load forces, expressed
in units of lb/in. 2 of cylinder exterior surface.

It is also required that the tensile stresses in the concrete be

kept to a maximum value of 3Vf. The controlling design situation will

occur when the full loading is applied, since tensile stresses in the cylinder

wall then reach their maximurn. Since the effect of the prestressing forces

is to oppose these tensile 3tresses, it becomes possible to specify the

minimum acceptable value for tne radial prestressing component. By

modifying Eq. (6-13) of Section 6. 3. 1 to recogniz- thin-wall action, we

obtain the following.
I5 -o0 _%fc

qEp(min) = q L + D16 qEs qEd (6-33)
L

where
q Ep(min)= minimum value of radial component of pre-

streFsing force, TBP, corresponding to a

limit,-ng concrete tensile stress of 3171
under blast loading. Units are lb/in. 2 c
of cylinder exterior surface.

q, static equivalent loading due to radial com-
ponent of reduced reflected pressure within
the cylinder. Units are ib/In. 2 )f cylinder
interior surface.
radial component of dead-lopd forces.

expressed in units of ib/In. of cylinder
exte-ior surface.

qEtd :static equivalent loading due to radial earth-
transmitted component of overpressure laadi-ig
at the ground surface. Unrts are lb/In. 2 of
cylinder exterior surface.
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D = total wall thickness of cylinder, in.

SL = interior principal diameter of cylinder, ft

V = ultimate compressive strength of statically-
c loaded concrete, based on results of standard

28-day tests on cylindrical specimens. Units
are lb/in. 2

Finally, in order to check the compressive stress in the concrete

under the assumption that the reduced reflected pressure is no longer

acting within the cylinder, Eq. (6-17) of Section 6. 3. 1 can be modified as

follows.

qEp(max) =0.85fV D 5q- (6-34)c 6S L+ D] - ~ Ed (-4

where
qEp(max)= maximum value of radial component of pre-

stressing force, T, corresponding to a

limiting concrete compressive stress of
0. 85 f under prestressing loads, dead loads,

c
and earth-transmitted overpressure loading.
Units are lb/in. 2 of cylinder exterior surface.

q Es= radial component of dead-load forces, expressed
in units of lb/in. 2 of cylinder exterior s,.rface.

q Ed= static equivalent loading due to radial earth-
transmitted component of overpressure loading
at the ground surface. Units are lb/in. 2 of
cylinder exterior surface.

D = total wall thickness of cylinder, in.

SL interior principal diameter of cylinder, ft

V ultimate compressive strength of statically-c loaded concrete, based on results of standard

28-day tests on cylindrical specimens. Units
are lb/in. 2

Protective gunite coating (unit cost factor of X $/sq ft) will beg
placed over the exterior-wound prestressing strand. Again, the required

length of prestressing strand per sq ft of surface (L p) is expressed in

terms of the total effective prestressing force per in. of cylindrical barrel

length (T sp) and the recommended design load per prestressing strand
(Fsp)"
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Lsp 1Z sI (6-18)

sp

Longitudinal steel, which satisfies temperature steel requirements

and may also contribute some nominal measure of longitudinal bending

resistance, will be provided. The minimum longitudinal steel (whose area

is expressed as a percentage of the gross section area normal to the direc-

tion of reinforcement) will be specified as 4t e 0.50.

2. Unit Cost

The unit costs per sq ft of cylindrical surface area are identical

with those developed in Section 6. 3. 2 for the thick-wall prestressed cylinder.

C D Xc (6-19)
D ct

cs = X (6-20)

C L X (6-21)
sp sp p

Cf xf (6-22)

C = X (6-23)g g

Ct C + G + C + Cf + C (6-24)

6. 4. 3 Structural Steel (Tension or Compression Loading

1. Design

Thin-wall cylinders of structural steel are suitable for either

tensile or compressive loading. As with the thin-wall concrete cylinder,

although with decreasing assurance, it will be assumed that the restraint

afforded by the surrounding earth will be adequate to prevent elastic

buckling until such time as yield occurs in a compressive or tensile mode.

It will also be assumed that the loading on the cylinder, immediately prior

to failure, is uniform an i radial. This last assumption has been introduced

into the analyses of all types of buried shells and,perhaps, is most acceptable

for the thin-wall steel cylinder because of its capacity for hcc?1lized

deflection and consequent equalization of earth -transmitted loading.
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Based on these assumptions, the design of the structural steel

thin-wall cylinder can be related to its yield strength under uniaxial tersiie

or compressive loading. Since the yield strength of structural steel is

considered to be the same for these two loading conditions, the dynamic load

capacity of a cylindrical steel shell in either tension or compression can be

expressed in terms of the same equivalent static load. The yield resistance

of a structural steel cylinder under any radially-applied uniform loading

can thus be expressed as,
tft

qt = qI - qEs - qEd = (interior loading) (a)

(6-35)

q =qEs +qd tfdy (exterior loading) (b)
L

where
q = net equivalent static load which develops the ultimate

strength of the sectio- in the tensile mode, lb/in. 2

q c = net equivalent static load which develops the ultimate
strength of the section in a compressive mode, lb/in. 2

f =dynamic yield strength in tension or compression ofdy structural steel, lb/in.

t = thickness of steel shell, in.

SL = interior diameter of steel cylinder, ft

Since t' :hickness of shell is small in comparison with the

radius of the shell, we can combine these two expressions and express the

parameters of the shell in terms of other tensile or compressive loading.
t f

q, t qf = (6-36)
6SL

2. Unit Cost

Structural steel plate is generally available only in specific plate

thicknesses and for a limited number of yield strengths. By rearranging

the terms in Eq. (6-35) and by referring to the cost data supplied in

Table 2-3, the designer can pick the combination of fdy and t which satisfy

the strength requirement at least cost. This least-cost, for a cylindrical

shell fabricated from structural steel, is a function of the cost factor CS

for single curvature steel plate (Table 2 -6). The costs listed in this table

lit RESEARCH INSTITUTE

6-26



include provision for protective coating and for fabrication.

C = x (6-37)

Ct = Ca (6-38)

6.5 THIN-WALL SPHERE

The design considerations for thin-wall sphere elements are

analogous to those described for the thin-wall cylinder, assuming com-

parable loading conditions. The one-way shell action of the cylinder, i s

now replaced by the two-way action of a doubly-curved surface. This

leads to an increased load resistance for a given shell thickness, although

this is obtained at the expense of an increase in fabrication costs.

6. 5. 1 Reinforced Concrete (Compression Loading

1. Design

When it can be assumed that a simple compressive failure mode

will govern the design of a thin-wall sphere, as when a compressive loading

is radially-directed and uniform over the entire outer surface of the shell,

the limiting value of the resistance of the sphere can readily be expressed

in terms of a static equivalent load.

q [ D 1. 7V +0.02 6 f J (6-39)qc =6S + D 1. dc te

An assumption of simple radial loading is no longer valid when

the sphere is used as a section of a shelter entranceway. The sphere,

for this usage, will require two large openings. One of these will permit

personnel to enter the sphere, while the second will function as an exit to

downstream portions of the entranceway system. These openings constitute

major discontinuties in the shell surface, particularly so for the relative

sizes considered in this study, and appreciable departures from the as-

sumptions of simplified shell theory are thus introduced.

The entrance and exit openings will be framed by supporting

rings. These rings will provide equilibrium supports for the shell surfaces

in the vicinity of the openings. In addition, the supporting rings may
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themselves receive direct loading from adjacent structural elements of

the entranceway system. One of these rings, for example, will customarily

provide support for a blast-resistant door. The second ring, in the event

that a double-locl. system is required, (Section 1.3.2) will similarly

be designed to support a blast-resistant door. Unless there is some

deliberate provision for physical discontinuity in the entranceway system,

the entrance and exit rings must also resist any longitudinal thrusts trans-

mitted by the adjacent structural elements.

A precise analysis of shell stresses is difficult for these geo-

metric and loa.ding conditions, and becomes a formidable undertaking if a

generalized solution is required. For purposes of this study, we will

modify the actual conditions by introducing certain assumptions of axial

symmetry, membrane action, and linear su~>: rpcsition of shell stresses.

Although the existence of secondary stresses is largely ignored, their

influence on shell costs should be minor. It can be expected that such j
stresses would be localized in the vicinity of the supporting rings.

The actual external loadings on the buried entranceway sphere j
vwill include the following.

(a) Dead load of the shell itself j
(b) Load due to weight of soil above each elerntmt

of the shell surface

(c) Earth-transmitted dynamic loading due to the I
overpressure, Pso, at the ground surface. This

loading, by previous assumptions, is assumed

to act radially and uniformly over the exterior

surface of the shell. However, it obviously would J
not be acting over these shell areas which have

been replaced by the exit -nd entrance openings. 9
(d) Loads on the exit and entrance support rings,

which will consist of blast-door reactions plus

any thrusts transmitted from adjacent structural

sections.
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(e) A reactive force, which is distributed in some

unknown manner over some e ` ctive area of the

shell surface. The net resu . of this reactivn

force must be such that equilibrium of the spher 4

is maintained. The reactive force need not be

uniformly-distributed over the effective area, nor

need it be radially-directed in relation to the shell

surface.

The simplified analysis initially replaces this sphere by one with

a single (first) circular opening. This sphere is then considered to have

axial symmetry, both of form and of loading, about the radial centerline

of the opening. (As a first approximation, this neglects all global effects

due to the presence of the second opening.) The shell is then analyzed

on the basis of an assumed pattern of loading, and the controlling stresses

in the shell are determined. The next step is again to consider a sphere

with a single (second) circular opening, and again to assume that the sphere

has axial symmetric properties about this second opening. Controlling

stresses are again determined, based upon a second assumption as to the

loading pattern. The composite positive (tensile) and negative (compression)

stresses at any point on the surface of the actual shell are then assumed to

be the linear sum of those stresses which are separately computed for the

two single-opening representations. Finally, as part of the supporting ring

design, localized stresses are analyzed in the vicinity of the entrance and

exit openings.

While this analytical approach involves several major simplifi-

cations, it is believed that the controlling stresses which are thus determined

will constitute reasonable estimates of actual stresses. The representation

becomes more valid when the supporting ring loading becomes much larger

at one opening, as will be the case when only a single blast door is provided.

The assumptions become more questionable when the diameter of one or

both openings become large in relation to a principal diameter of the sphere.

This, unfortunately, will frequently be the case in the investigations of this

study. In passing, it should also be noted that the assumption of axial

symmotry of the sphere about each opening is not exact, since the radial
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centerline of one or both openings may not pass through the center of the

sphere. Finally, any assumption as to the distribution of earth resistance

against the exterior surface of the blast-loaded sphere require further study

and experimental verification.

The assumed pattern of loading, for purposes of this study, will

be taken as follows:

(a) Dead load of the sphere itself is neglected as incon-

sequential. The dead load attributable to the weight of
earth above e a c h element o- shell surface is not speci-

fically considered. As an approximation, this latter

effect can be treated as an additional contribution to

the blast-induced loading. 1,2

(b) The earth-transrmitted blast loading is assumed to

act as a uniform radial load directed inwardly over all

portions of the sphere exterior surface, excluding only

the area of the single opening which is considered in each

step of the analysis. This dynamic loading, following

the reasoning developed earlier, can be analyzed as an

equivalent static load.

'(c) Thrust is transmitted to the supporting ring of the

single opening considered in each phase of the analysis.

This thrust is represented as an inwardly-directed line

load which is uniformly distributed around the periphery

of the opening. Again, this dynamic loading can be

replaced by an equivalent static load. In establishing

this equivalence, it should be recognized that the major

portion of the loading on any ring supporting a blast door

is attributable to reflected pressure on the door. Such

loading is of short duration in comparison with the over-

pressure-induced loadings which are transmitted through

the soil.

(d) The net soil resistance which is required to maintain

equilibrium is assumed to act radially-inward against the

exterior Whface of the sphere and to be distributed uniformly

I11 RESEARCH INSTITUTE

6-31



over the hemisphere furthest from the opening. Again,

since this loading is directly related toitems (b) and (c),

it can be replaced by a static equivalent load,

The meridional (1P, and latitudinal (N.) equilibrium forces at

any point Y, 0 in the shell wall, assuming a single opening with central

angle 2Vf 01 and the pattern of loading as just described, can be computed

from the following equations. 34, 35, 36

sin sin 0 1

E Lsin zY sin zy

valid for7 0 1 Y o I /
(6-40)

N (3S + D )(I- iin •101" PLl sin o0 1  (b)

valid for 11/2 Y < jV

q(S sin2 Y 0 1  (a)•0

N E" qE (3S + D/2)(l + s V )+P sin ) (a)
sin y sin

valid for Y . <1/2 (6-41)

NO "qE ( 3 SL + D/2)(l sin'Y o0 - PLI Y01 (b)

valid for 2 <

where

NY = unit me,,L -,, i. equilibrium force in the shell,
assumed uniform across the wall thickness D
and expressed in lb/in.

NQ = unit latitudinal equilibriui, force in the shell,
assumed uniform across the wall thickness D
and expressed in lb/in.

PLl = unit loading due to external thrust on the supporting
ring, assumed to be distributed as a uniform inwardly-
directed line load over the periphery 121(SL sinV 0 1

of the shell opening, and expressed in units of lb/in.
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Eq E = qEa I qEs I q+Ed (section 6. 3. ).Since the prestressing

load q E= 0 for this application, Eq = qs + q Ed

For high values of qEs' it is sufficient to useEq E q qEs

q Es = static equivalent load (acting radially inward on the
exterior surface of the shell, excluding only the area
of the single opening) due to earth-transmitted over-
pressure loading at the ground surface. Units are
lb/in. 2

q Ed- conventional dead and live loadings acting on a buried
shell structure, approximated as a radial inwardly-
directed loading, lb/in.

S L = interior principal diameter of the sphere, ft

D = wall thickness of sphere, in.

'to = one-half of the central angle for the circular shell
opening of interest, deg

Y= vertical angle, referenced to the radius which bisects
the central angle of the openingas measured to any
parallel of latitude for the shell, deg.

0 = horizontal angle between principal meridians of the
sphere, deg.

The tensile and compressive equilibrium forces along any

meridian of the shell can be computed for the first assumption of loading

(first opening) by applying Eq. (6-40) and (6-41) to values of i lying between

S= 'f and f = i. Due to the assumption of axial symmetry, the distrib-

ution of equilibrium forces will be the same along any other meridian. A

second set of equilibrium forces, corresponding to the second loading

assumption, can also be obtained from Eq. (6-40) and (6-41) by substituting

V = 4 V •0Z =Y01 and PLZ2 PLI' This set of equations can be made

compatible with the first by introducing the coordinate transformation

V 2 '+YR(6-42)

where
= vertical angle, referenced to the radius which bisects

the central angle of the first opening and measured in a
clockwise direction to any point on a meridian of the
shell, deg

= vertical angle to this same meridian point, measured in
a clockwise direction from the radius which bisects the
central angle of the second circular opening.
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"?R = vertical angle, measured along a meridian and in
a clockwise direction, between the bisectors of the
central angles of the first and the second opening,
deg. Note that V R is not a constant if the radial

bisectors of one or both openings do not pass through
the centroid of the %phere. Howerer, our preliminary
analysis will as -:, e * It I VR remains constant.

Equations can also be formulated for the summations of meri-

di,'nal and latitudinal equilibrium forces, • Ny and E N., referenced to

any point on the shell surface defined by ) Y owhich will result from a

linear combination of tho'se equilibrium forces required by each of the

two loading assumptions. Equations in terms of EN y and E N9 are

awkward to apply, primarily because of the loading discontinuities between

"-V'OI and-+ P 0 2 ' For this reason, particularly when P L 1>PL2' it is
probably simpler to establish those structural requirements for the shell

which result by taking the first loading assumptiona s t h e more severe

of the two assumptions. The shell is then reexamined for the second loading

assumption andif required, appro> 'fiate structural changes are then made.

The equations for NM and N., which are separately expressed

for each of the two loading assumptions, become identi- I in form when we
set f01 = f 02 and PLI = PL2 Thus, while the subsequent discussions

are related by subscript identification to the equilibrium force equations

for the first loading assumption, they are equally applicable to the second

loading assumption by substitution of the appropriate subscripts.

A convenient first step is to establish the required thickness of
the shell. A minimum value of D = 3. 0 in. is specified as an initial con-

straint. It is assumed that any compressive equilibrium forces in the shell

will be resisted by the reinforced concrete ., - .i by aay compressive rein-

forcement, and that all tensile forces will be resisted by tensile reinforce-

ment. Since .: is also assumed that the s'W.!t will have a uniform thickness,
any requirement for a shell thickness in excess of 3. 0 in. can be determined

by evaluating the maximum compressive forces in the shell.

D D : N11a)(6-43)max) 8dc + t(max) dy
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where
D = total shell thickness, in.

-N(max) = maximum absolute value of negative-sign equilibriummembrane forces in the shell, lb/in.

fdc = ultimate dynamic compressive strength of concrete,related by fdI = 1. 25 fV to the results of standard 28-
dcc 2

day static test on cylindrical specimens, lb/in.

t'(max) = -maximum value of the required compressive reinfor-
cing steel in the direction of maximum compressive

forces, expressed as a percentage of the gross area
of the sheil cross section

f =dynamic yield strength of reinforcing steel in tensiondy or compression, lb/in. 2

If the inequality PLl/ EqE> (3SL + D/2) sin Po0 is satisfied,

then the maximum compressive membrane force occurs in the meridlonal

direction. Its maximum value is then obtained at Y'o which leads to the

following expression for shell thickness

D m D= Ll (6-44)Dmax _D=(0.8S f'd +"0. 0i tlax d) '

dc tM(max) dyl~

valid at -f for > (3S L + D/2)sin 0 1

where
I' = maximum required value of the compressive reinforcingtM(max) steel in the meridional direction, expressed as a percentage

of the gross area of the shell cross section.

If the inequality PLl/ qE •> (3 SL + D/2) sin"01 is not satisfied,

the maximum value of the compressive mei 'rane-force occurs in the region

defined by ff/2 sg/ý • . It is constant th.oughout this entire region, and

is equal in the meridional and latitudinal directions. For this situation,
6' = ' and

tM(max) 6tL(max) t(max)

D axD - qE 3SL + D/2) 0 sin2 01) + PL- s+nLol_ 6-45)
max 0. 85 r +006 o1(45I.dc t6(ma~x) 'dyJ

valid for P <1 3 SL + D/2) sin) '0 1 in the region 1f/24- /2f'

Although. D is required to remain constant. this need not be the

case with 6,'. the percentage of tensile reinforcement. It is obvious from
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Eq. (6-40) and (6-41) that the compressive equilibrium forces will vary

from point to point along a meridian of the shell. Thus, if some value of

6 =' (max} is assumed at the location of maximum compressive forces,

there is also some location (defined by an appropriate value of the vertical

angle, '#) beyond which compressive equilibrium in the shell is satisfied

with 6' = 0.t

The requirement for tensile reinforcement is established in

comparable fashion. From Eq. (6-40) and (6-41) tensile equilibrium forces

in the shell will only be present if the inequality

PLl (3 SL + D/2) (sin 2 + sinZ) f 0 1)

ZEE sin '? Ol

is satisfied in the region defined by 'VO1  V < / (2. These tensile

forces, if they exist, are only operative in the latitudinal direction and

Sre ach their m axim um value of fV - T he required percenta ge of

tension steel which corresponds to this peak tensile force is

-+N [ (max) PLl/sin0l - EqE (6 SL + D) (6-46)
6 tL (max) = 0. 0 1 f dy D 0o 01 fdy

where
6 tL (max) = maximum value of the required tensile

reinforcing steel in the (latitudinal) direction
of maximum tensile forces, expressed as a
percentage of the gross area of the shell
cross section.

+N (max) = maximum value of positive-sign equilibrium
membrane forces in the shell, latitudinal
direction, lb/in.

As with 6 values of 6tL can vary as the tensile equilibrium forces

in the shell vary. Any requirement for tensile reinforcement in the latitudinal

direction will end if there exists a value of 6 in the region P0 1 On,

which satisfies the relationship PLl sin " I qE (3 SL + D/2) x

(sin Y + sin 2 ?01) = 0.

In general, for the single-opening assumption, the maximum

negative and positive values of the equilibrium forces will occur at
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V =• 01 or -= 1f/Z. It is a simple process to substitute directly in
Eq. (6-40) and (6-41) and thus find controlling values of (+N) and (-N). For
practical applications, a minimum value of 0. 50 percent reinforcement has

been postulated for each principal direction. We can thus write
tM -(ma 6' As a further assumption,ttL (m -) = tM (m ") tL (min)*

based upon the evaluations developed in earlier studies, 1,2 it will be

postulated that it will be uneconomic to provide compression steel in

excess of the 0. 50 percent minimum. These assumptions can now be
introduced into Eq. (6-44) and (6-45),leading to direct solutions for Dmax
in terms of known quantities.

D D Ld d0f sin 01  (6-47)max (0. 85 f +6.00 d(6-47)y

evaluated at Y = 301 where 0.5 percent compressive reinforcement is

provided and where the inequality PLI/ E (3SL + D/2)siny 0 , is

satisfied.

D[ (3 SL + D/2)(l- sin jIOl) + PLl sin' 0 1 ]
max " 0.85 f' + +0. 005 (dc fdy (-8

evaluated in the region 1(/2 < /' 1 , where 0. 5 percent compressive

reinforcement is provided and where the inequality PLi'/ E qE<(3SL + D/Z)

sino 0 1 is satisfied.

We thus can consider a sphere of uniform wall thickness, D.

The maximum compressive requirements in this shell are satisfied by

the resistance of the concrete, plus the contributions of 0. 50 percent of

reinforcing steel in each of the two principal directions. The only remaining

question i s whether or not the 0. 50 percent minimum latitudinal steel
betweenV= Yo0, and • f/Z will also satisfy any requirements for tension
steel (Eq. 6-45). If it does not, additional latitudinal tensile steel must be

provided between those parallels of latitude bounded byI = •01 and by some

value u f .h meridional angle, ? T' where

T
T P Li - jqE sin 1 (3 SL + D/Z) (6-49)

5  sin" O.05 D + q (3 5L + D/Z)
valid for' OY 0 <T 46 /%12
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2. Unit Cost

The unit cost of a reinforced-concrete spherical shell element,

as with other types of reinforced-concrete elements, can be expressed as

the linear sum of the cost factors C , C , and C Due to the lack of axial

symmetry in a sphere with openings at?= -P and -'P = Y + Y4R' much of

the advantage of such a presentation is lost. The thickness of the concrete

shell, by definition, will remain constant at all points on the shell surface.

The steel requirement, at least in theory, can vary in both the meridional

and latitudinal directions. In the general case, as explained earlier, it will

be necessary to evaluate the equilibrium force in the shell due to each of

the two single-opening assumptions, and combine these to obtain the con-

trolling tensile and compressive forces. This processlin turn,would lead

to composite solutions for the required shell thickness, (Eq. (6-44) or (6-45)),

the maximum required percentage of tensile reinforcement (Eq. (6-45)),

and the meridional angle at which any requirement for tensile steel in

excess of 0. 50 percent will end (Eq. (6-49)). Where PLl >> PL2' as will

be true when there is a single blast door which spans between + V 01' a

reasonable estimate of unit costs can be obtained by utilizing the values of

Dmax' 6tL (max) and Y. as determined for the single-opening case.

In any event, the unit costs of the materials in a unit element of

the reinforced concrete sphere are expressed as follows:

X =c- D X (6-50)c TT c

C D 1.0 0  + t V - 1',0 1
cs tL 1 r190 - r j 1 (a)

valid for V T >0 Y0O

VWhere tension steel is not required (OT < 0 in Eq. 6.46) use a minimum (6-51)

percentage of steel (t 0. 50) in both the latitudinal and meridional direc-

tiorns. Then DL.6t
Cs= "6 s(b)

Cf Xf (6-52)
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The total cost of the reinforced-concrete compression sphere,

exclusive of reinforcing rings at the two circular openings defined by

Sand 0 Z', can then be expressed as

T L cos ( -t I Ct (6-53)

where C t = C +C + Cf

and it is implicitly assumed that the radial bisectors of each opening will

pass through the centroid of the sphere.

6. 5. 2 Structural Steel (Compression Loading)

1. Design

The design of the thin-wall compression sphere of structural

steel is very similar to the reinforced-concrete design which was developed

in Section 6. 5. 1. The same expressions (Eq. (6-40) and (6-41)) are valid

for the meridional and latitudinal equilibrium forces in the shell, under

the stated assumptions. Since the yield strength of structural steel is

considered to be equal in the tensile and compressive modes, the detailed

design of the structural steel sphere is considerably simplified.

As with the reinforced-concrete sphere, the thickness of the

sphere wall is assumed to remain constant. Following the notation developed

in the earlier studies, l,2 the thickness of a steel plate is represented by

t, in units of inches. Substituting t for D in Eq. (6-40) and (6-41)9 the design

requirement is established by the absolute maximum value of N*# and NQ

over the range )PO1 ) 1•." This yields the following equations, assuming

that t is small in comparison with SLV

SLi (6-54)
max " f-dy sin 01

evaluated at = )901 and valid when the inequality

SLl •3 S sin 0 is satisfied. For this case,

EqE L01
the maximum equilibrium force in the shell is corn-

pressive and acts in the meridional direction.
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(3 qES(1 - sin2 3% 1) -PLl sini 0 jo6 5 5 )
t t L"m x" f dy

evaluated in the region 1f/2 f ii ,and

valid when the inequality
P'L1

- l ~3 Ssin Vol

is satisfied. For this case, the maximum equil-

ibrium force in the shell is compressive. It is

uniform throughout the region and is equal in

both the mneridionai and latitudinal directions.

2. Unit Costs

Unit costs for doubly-curved steel plate, as presented in Table

2-3,include the costs of fabrication and protective coating.

C = X (6-56)

The total cost of the structural steel compression sphere,

exclusive of reinforcing rings at the two circular openings which are defined

by 2 f 01 and 2 Y102' can be expressed in the same form as for the reinforced-

concrete sphere. cT 01 + fz C t

where C Gt C

6. 5. 3 Structural Steel (Tension Loading)

1. Design

If a single blast-resistant door is placed at the downstream

opening in the sphere, the interior of the sphere will be subjected to reduced

reflected pressures as the blast wave advances into the entranceway system.

For this situation, since the peak value of the reduced pressure is normally

much larger than that of the earth-transmitted blast loading acting on the ex-

terior of the sphere, the net loading will introduce tensile stresses in the

shell walls. In addition, the reflected pressures on the blast-resistant

I door will result in a line loading along the periphery of the supporting ring
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which frames the downstream opening of the shell.

To facilitate the analysis (4f this situation, it is necessary to

introduce certain simpliying assumptions. These assumptions, it will

be seen, are analogous to those discussed (Section 6. 5. 1 - Design) for the

reinforced-concrete compression suhere. The direct loadings on the tension

sphere are those described in this earlier section, plus a radial outwardly-

directed loading due to internal re-lected pressures. The simplified analysis

replaces the sphere by one with a single (downstream) circular opening,

and considers the shell to have symmetry of form and of loading about

an axis which bisects this opening. A second loading assumption, in which

the shell is considered as axisyrnmetric about a single (upstream) circular

opening, will be necessary to investigate the localized stresses in the

vicinity of the framing ring for the upstream opening. The assumed

pattern of loading on the sphere with the single (downstream) opening is

described as follows.

(a) Dead load of the sphere itself is neglected as incon-

sequential. The dead load attributable to the weight of

earth above e a c h element of shell surface is not specif-

ically considered. As an approximation, this latter effect

can be treated as an additicnal contribution to the blast-

induced loading. 1,2

(b) The earth-transmitted blast loading is assumed to

act as a uniform radial load directed inwardly over all

portions of the sphere exterior surface, excluding only

the area of the single opening. This dynamic loading,

following the reasoning developed earlier, can be

analyzed as an equivalent static load.

(c) The peak reflected pressure is assumed to act as

a uniform outwardly-directed load overall interior

surfaces of the sphere, excluding only the area of that

single op(ening which contains the blast-resistant door.

This dynamic loading can also be replaced by a static

equivalent load. In developing this equivalence, it is

appropriate to recognize that the dura-on of the peak
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reflected pressure is brief in comparison with the

duration of the earth-transmitted blast loading.

The meridional (N -W) and latitudinal (N.) equilibrium forces at any point

1b, 0 in the shell wall, assuming a single opening with central angle 2 O1

and the pattern of loading just described, can be computed from the

following equations. (t/6 SL assumed -very small)

.2
NY• = 3SLq, - 3 SL qE 1 in (a)sin

(6-58)

N Y• = 3 S SL (qI" - qE)(b

valid for 1Y - V -
. 2

No 3 S - 3 S qE 1 +s 01 (a)
L qI SLsin Z )

valid for o0 1 Z -1t l (6-59)

N = 3 SL (q, -qE (b)

valid for ?' - V ' I

where
Ni = unit meridional equilibrium force in the shell, assumed

uniform across the wall thickness t and expressed in
lb/in. 2

N = unit latitudinal equilibrium force in the shell, assumed
unifor T across the wall thickness t and expressed in
lb/in.

Eq E =qEp ++ + qEd' or, since q.p = 0 for no prestressing$

qE : q Es I qEd (Section 6.3.1 and 6.5. 1)

q Ed static equivalent load acting radially inward on the
exterior surface of the shell (excluding only the area
of the exit opening) due to earth-transmitted over-
pressure loading at the ground surface Units are

lb/in.
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q Es conventional dead and live loadings acting on a
buried shell structure, approximated as a radial
inwardly-directed loading, lb/in.

q, static equivalent load acting radially outward on
the interior surface of the shell (excluding only the
area of the exit opening) due to the reduced reflected
pressure within the shell. This loading is of short
duration, and is expressed in lb/in. 2

SL interior principal diameter of the sphere. Also,
since the shell thickness t is assumed small, SL

is approximately equal to the exterior principal
diameter

D01 = one-half of the central angle for the exit opening,
deg

f = vertical angle, references to the radius which
bisects the central angle of the opening, and
measured to any parallel to latitude for the shell,
deg

0 = horizontal angle between principal meridians of
the sphere, deg

The structural parameters of the spherical steel shell, again

assuming a constant wall thickness tmax = t, are established by the abso-

lute maximum value of N-p, N. in the region y 01 y <If . By inspection,

since q 1 > q., this will occur at-'= Y0o where N (max) = 3 SL qI" From

this, we obtain the required wall thickness, t.

t -B t -- (6-60)max f dy

2. Unit Cost

Unit costs for the doubly-curved plate, as with the compression

sphere, are obtained from Table 2-3. The same expressions remain

valid for C and CTo as previously defined for the structural steel com-

pression sphere (Section 6. 5. 2).

Cs = Xs (6-56)

CT =1f S cos VOI ,+102 ? Ct (6-57)

where C = Ct and the two openings (assumed

circular) are defined by their central angles, •0 V and
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6.6 SUPPORT RINGS FOR OPENINGS IN SPHERES

6. 6. 1 Analysis

The thin-wall sphere, as discussed in Section 6. 5, has exit and

entrance openings (assumed circular in plan) in the shell surface.

These openings must be framed by reinforcing rings, which will act in

conjunction with the spherical shell to maintain equilibrium under composite

conditions of loading.

The simplified analysis of the sphere (Section 6. 5) considered two

orientations and loading patterns for an axisymmetrical single-opening

sphere. The first of these two cases considered only the entrance opening,

neglecting any global effects due to the presence of the second opening, and

computed the membrane equilibrium forces in the shell. The second case

was a repetition of the first, except that xinw only the exit opening was

considered. Finally, it was proposed that the limiting structural require-

ments for the shell (except for localized requirements in the vicinity of

each opening) could be obtained by linear superposition of these two cases.

The problems remain, however, of evaluating the localized requirements

* for stabilityat the two openings.

The primary loadings on the supporting rings, continuing the earlier

assumption of two orientations and loading patterns (Section 6. 5)2can be

described as follows:

(a) For the first loading case, Ring No. 1 (entrance for the com-

pression sphere or exit for the tension sphere) must satisfy shell equilibrium

forces N )P and N0 at the boundary described by )P= + Yol. In addition, for

the compression sphere, the ring must support a line loading PLl along its

circumference. The ring is axisymmetric with respect to hoth loadings.

(b) For the first loading case, Ring No. 2 (exit for the compression

sphere or entrance for the tension sphere) must satisfy shell equilibrium

forces N Y and N0 at the boundary described by yt' =+. . Equation (6-42)

can be used to relate V and 7' for a given sphere through the relationship

'#- =I' + YR" For the usual case of one right-angle turn within the sphere,

OR = •/,12. In addition, since the analysis for the first loading case assumes

that external reactive forces (compression sphere only) or internal radial
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forces (tension sphere only) act on a spherical surface which includes

the area of the second opening, a compensating radial thrust should be

supplied by the supporting ring. In the general case, neither of these two

types of loading is axisymmetric with respect to the supporting ring.

(c) For the second loading case, Ring No. 1 must satisfy a new

set of shell equilibrium forces NY and NQ at the boundary (still described

by =+f01 after applying the coordinate transformation of Eq. (6-42)).

These forces, since they result from loading which is axisymmetric with

respect to ý = ? R' are not symmetric with respect to Ring No. 1. A

compensating radial thrust, similar to that described for Ring No. 2 in (b)

above, should also be included in the loading for Ring No. 1.

(d) For the second loading case, Ring No. 2 must satisfy a new

set of shell equilibrium forces N-.4 and N at the boundary described by

I- =3 R -f * 0 2 " In addition, if axial thrust is transferred from an adjacent

structural section to a compression sphere, it will be necessary to consider

a second line loading, PLZ' which is directed along the circumference of the

ring. Both of these loadings are axisymmetric with respect to the supporting

ring.

Obviously, it will be difficult for any practicable ring to satisfy

these theoretical requirements. In addition, two types of secondary loadings

must be recognized. First, to the extent that strain compatibility between

a ring and the adjacent shell surface are not satisfied simultaneously with

stress compatibility, there will be secondary stresses developed in the ring

(and in the adjacent shell). Secondly, due to the requirement that local

equilibrium must be satisfied at each ring-shell boundary, there can be

torsional and moment forces developed both in the shell and in the ring.

The analytical process for a solution to this composite loading is

relatively straightforward for a given set of input parameters, and would

constitute a necessary step in any actual design of this type of structural

element. While it is highly desirable to generalize such load-resistance

relationships, our initial attempts have led to seri"us complexities. ILacking

the time to pursue this effort, we have concluded that further simplifying

assumptions must be introduced into the analysis. These assumptions

should provide a reasonable basis for estimating the costs of a supporting
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ring, but must not be considered as an adequate basis for its design.

For the common situation, the predominant loading on Ring No. 1

is either axial compression (compression sphere) or axial tension (tension

sphere). As a first approximation, Ring No. 1 will be designed to resist

this loading plus a second loading, arbitrarily specified, which is reversed

in direction and whose magnitude is 25 percent of the first loading. These

requirements, in conjunction with the optimum location of reinforcing steel

within the supporting ring, should normally provide adequate resistance to

primary loading and to most secondary stresses, with the possible ex -

clusion of torsion.

For these same assumptions, the loading on Ring No. 2 can be

considerably more complex. However, its peak loading is frequently

(although not invariably) of lesser magnitude than the loading on Ring No. 1.

Bending in one or more planes can be expected, hence significant moment

resistance may be required. Lacking any ready i,.'ans of evaluating the

actual design requirement, this second ring (for costing purposes) will be

designed to resist, simultaneously, the maximum compressive and maxi-

mum tensile equilibrium forces which are present anywhere in the shell

adjacent to the periphery of the ring. Finally, although secondary stresses

adjacent to the supporting rings will undoubtedly influence the localized

structural requirements for the shell surface, it will be assumed that there

will be no significant effect on totai shell costs. (Section 6. 5. 1)

6.6. 2 Ring No. I (Reinforced Concrete, Compression Sphere)

1. Design

Since the reinforced concrete sphere of Secti, n 6. 4. 1 was designed

only for compression loading, it follows from Eq. (6-40a) that the equilibrium

load on Ring No. 1 (framing the circular opening defined by +±'P) will be

compressive. The desIgrn of a typical reinforced-concrete supporting ring,

for this condition of uniform and inwardly-directed radial loading, is ana-

logous to the design of the thick-wall cylinder (Section 6. 3. 1). Tht com-

pressive loading of interest is the horizontal component of NY. evaluated

at-# r01I and acting on the exterior circumference of the ring. Eq. (6-8)

and (6-9) can thus be rewritten as:
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P PLl (S+ D/ 6)2
f b tan 701 L + ][ (6-61)

(S SL +D/6)- - S L = "4-r 6-

F Ll (SL + D/6) 2

o I t-0J (6-62)t ~(SL + D/ 6) z S z4

where
f = radial stress in supporting ring (tension assumed

positive) due to the maximum (tensile) value of the

equilibrium membrane force, N , in the shell
adjacent to the ring, lb/in. 2 max

ft = tangential stress in supporting ring (tension assumed
positive) due to the same equilibrium force, Nmax$
lb/in. 2

SL = interior diameter of supporting ring, ft

D = gross depth of ring wall in the plane of the ring, in.

b = gross thickness of ring wall in a plane normal to the
plane of the ring, in.

r = radius to an interior point within the ring wall, ft,
subject to thf, constraint

S-L<-- r -VL + D-)

The maximum negative value of f occurs at r =(SL ++
rSL --

while the maximum negative value of ft occurs at r =-7-- . This latter

stress will control the design of the reinforced-concrete supporting ring

(compression case).
-2PL S /)

(btan )(SL+]

f t 01 - (6-63)
sL (SL+D/6 )". SL I

The ultimate compressive resistance of a dynamically-loaded

member of reinforced concrete, neglecting the resistance afforded by any

comprescion steel, is

"ft (max) - 0 . 8 5 1dc (6-64)
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Equations (6-63) and (6-64) can be combined, and a quadratic

solution for ring depth, D, can then be formulated in terms of known para-

meters and a postulated ring thickness, b. However, it is probably simpler

to effect the solution through repeated substitution, using trial values for

both D and b. It will be recalled from Section 6. 5. 1 that P is the line-load

representation of such dynamic forces as may act against a blast-resistant

door, which in turn will react against the supporting ring. The loading PLl

may thus be replaced by an equivalent static loading, whose magnitude is

related to the blast-door loading duration and to the ductility of the struc-

tural section which forms the supporting ring.

The reqtirement for tensile reinforcement in Ring No. I is

obtained from the arbitrary stipulation (Section 6. 6. 1) that the ring shall

be designed for a reversed loading whose magnitude is 25 percent of the

primary loading.

Tension loading = 0. Z5 (compression loading) = V--- (6 SL + D).

From this, direct substitution yields an expression for the

required percentage of tension reinforcement.

Z5 P L1 (6 SL + D)

•t b D fdy tan (6-65)

where
6t = axial tension reinforcement in compression ring,

expressed as a percentage of the gross area of the

ring wall cross section. (6t = 100 As/b D, where

A = cross sectional area of reinforcement)5

PLl/tan•Y0I= horizontal component of meridional equilibrium force
in the shell, evaluated at ?= ?01" This force compo-

nent acts on the supporting ring as a radial inwardly-
direc ted dynamic loading, lb/in.

SL = interior principal diameter of supporting ring, ft

D = gross depth of ring wall in the plane of the ring, in.

b = gross thickness of ring wall in a plane normal to the
plane of the ring, in.

f dy = dynamic yield stress of reinforcing steel, lb/in.
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Since there is a probability that the ring will also be subjected

to localized moments, as discussed earlier in this section, it seems wise

to include some empirical provisions for moment resistance. The required

percentage of tension steel, for example, could be placed with minimum

concrete cover and distributed uniformly around the periphery of the ring

cross section. The ring dimension, b, assuming equal probabilities of

applied moment for the two planes, should then be approximately equal to D.

Although the main steel in the compression ring is specified only

to afford resistance to secondary tensile stresses (Eq. 6-65), it will nor-

mally be subjected to compressive loading. Tie steel should therefore be

provided, with appropriate spacing between ties.

It was also noted that torsional stresses would be imposed on the

supporting ring for those cases where the resultant forces do not pass

through the center of torsion for the member. For these cases, which will

represent the usual design condition, shear steel in the form of vertical

closed stirrups can be used to resist torsional sheari'g stresses. A

preliminary estimate of the required percentage of torsional reinforcement

can be obtained as follows.

200 Mt - 50 b 2 D (f dc) 
(2 / 3

where
Vt =total required percentage of torsional stirrup steel,

e.-pressed as a peizentage of the gross area of

exterior ring surface.

100 A SVt2 r(6 S L +D) b-

where A = total cross sectional area of torsional
s

reinforcement in length 2 ?T (6 SL + D) and width b,

measured normal to plane surface of supporting ring).

Mt applied torsional moment per unit length of supporting
ring, in. -lb per in.
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An equal cross sectional area of longitudinal steel is required

in order to resist the horizontal component of the torsional induced tension.

This steel can be considered as additive to the main reinforcing steel

specified by Eq. (6-65) and will be similarly distributed over the ring

cross section.

2. Unit Cost

The unit cost of the reinforced concrete compression ring is a

function of the cost factors for concrete (Cc), main reinforcing steel (C s),

tie steel (C st), torsional steel (C vt) and formwork (Cf). If torsion is also

a consideration, requiring the inclusion of torsional steel, there is then an

additional cost factor, C
v

_bDC - b X (6-67)c 144 c

•6tbD

C 6 X (6-68)s 14i,400 s

•te bD

C = te1 0 X (6-69)
s vT4MU s

C vt vt 1 + 0.80 (b +D) X (6-70)
vt 1-4,400 v

(includes longitudinal
torsional steel)

Cf = +D Xf (6-71)

The composite cost per lineal foot of reinforced concrete com-

pression ring can then be expressed as

Ct = C + C + + + Cf (6-72)t c s Cst Cvt f

6. 6. 3 Ring No. 1 (Structural Steel, Compression Sphere)

1. Design

The structural steel compression sphere is described in

Section 6. 5. 2. The supporting ring which frames the principal opening must

withstand the horizontal component of the compressive meridional equilibrium
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force at 'f =3I01. It can be postulated that the probable form of the struc-

tural steel supporting ring, for this application, would be either a steel

beam or built-up member. In any event, for the assumption of axial com-

pressive loading, the maximum loading condition is realized when the entire

cross section of the ring is yielding in compression.

The hoop compression which results from the horizontal component

of the meridional equilibrium force can be related to the required cross

sectional area of the supporting ring.

AP7Ll -1 (6 SL + D) (6-73)f dy tan Y0 I1

where 2
A = gross cross sectional area of the ring, in. (If a

beam section is used, it is understood that web and
flange stiffeners will be included, as required, to
preclude localized buckling prior to full yielding of
the section. )

P Ll =horizontal comDonent of uieridional equilibrium force
tanolI in the shell, evaluated at V = ?Ol. This force compo-

nent acts on the supporting ring as a radial inwardly-
directed dynamic loading, lb/in.

fd dynamic compressive yield strength of structural
dy steel, lb/ in. T

SL = interior principal diameter of supporting ring, ft

D = gross depth of supporting ring section in the plane of
the ring, in.

2. Unit Cost

The unit cost of the structural steel compression ring is expressed

as follows

C = w X (6-74)s s

where
w = weight of supporting ring, lb/ft

Ct - C s (6-75)
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6. 6. 4 Ring No. 1 (Structural Steel, Tension Sphere)

1. Design

The structural steel tension sphere is described in Section 6. 5. 3.

The supporting ring which frames the principal opening must be designed

to withstand the horizontal component of the tensile meridional equilibrium

force, evaluated at -Y= 101. As with the structural steel compression ring,

it is probable that the steel tension ring will consist of a beam section or

of a built-up member. Maximum load-carrying capacity is realized when

the entire cross section is yielding in tension. The required section area,

based on the loading obtained from Eq. (6-58a),is as follows

[6 SL(ring) + Dring 1
A = 3 qI SL (sphere) cos 60 1 [ ( + (6-76a)

L svol fdy

Or, since SL (ring)= SL (sphere) sin Y01

A = 3 q, anSL(ring) [6S L (ring) + D ring] (6-76b)

tan 10 1 1dy
where

A = gross cross sectional area of the ring, in. 2

q, = static equivalent uniform load, acting radially
outward on the interior surface of the tension
sphere, which results from the reduced reflected
pressure within the sphere. This loading, which
is of brief duration, has units of lb/in. Z

SL (sphere) = interior principal diameter of sphere, ft

SL (ring) = interior principal diameter of supporting ring, ft

Y01 = one-half of the central angle of the principal
opening in the shell, deg

2. Unit Cost

The unit cost of the structural steel tension ring can be expressed

in the same form as for the steel compression ring.

C = w X (6-74)

where w weight of supporting ring, lb/ft

C t = C (6-75)
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D = gross depth of supporting ring section in the
plane of the ring, in.

f =dynamic tensile yield strength of structural
fdy steel, lb/in.

6. 6. 5 Ring No. 2 (Reinforced Concrete, Compression Sphere)

1, Design

As discussed in Section 6. 5. 1, the supporting ring which frames

the second opening in the sphere will be designed to resist both the maximum

tension and the maximum compression equilibrium forces along its periphery.

We can proceed to estimate these controlling equilibrium forces.

The second opening in the shell surface is defined by the region

7 1 =+ )0?" By analyzing Eq. (6-42) this same region can be expressed as

Y 0 2 R + 02)' with 3R = 1/2 and Y0 2 =? 0 1 in the usual

case. First let us consider the membrane forces in this region due solely

to the assumed loading pattern which has been associated with Ring No. 1.

Applying Eq. (6-40) and (6-41), it can be shown that the maximum value of

the compressive membrane force, (-N max) in the defined region is given

by the following
r sin2  i

(-N) = (3 S + D/2) 1 s(n" P sinZ .01Z) (6-77)si ( R(0)s n ,6 .
valid for PLLl qE> (3 SL + D/2) siny0l

Also, •b R 11'/2 and )P 0 1 = 02

(-N) max Eq E (3 SL + D/2)(l - tan 2 01) -1 Ll tanCo O 1

valid for PL ql > (3 SL + D/2) sin 01

(-N) ax = ZqE (3 SL + D/2)(1 - sin2 01) - PL1 sin 3k01

valid for PLI/ Z qE < (3 SL + D/2) sin Y01
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The following notation applies for Eq. (6-77) to (6-79).

(-N)max = maximum value of compressive equilibrium
membrane force in the shell within the region

of interest,. This force acts in the meridional
direction where Eq. (6-77) and (6-78) are
applicable, and is equal in the latitudinal and
meridional directions where Eq. (6-79) is
applicable. Units are lb/in.

qE = qEp + qEs + qEd, or since qEp = 0 for no

pre.tressing, .qE = qEs + qEd

(Section 6. 3. 1 and 6. 5. 1)

qEd = static equivalent load (acting radially inward
on the exterior surface of the shell, ex' !uding
only the area of the single opening defined by

YW= -+V0 1 ) due to earth-transmitted overpressure

loading acting at the ground surface, Units are
lb/in. Z

qEs = conventional dead and live loadings acting on a
buried shell structure, approximated as a radial
inwardly-directed loading, lb/in. 2

SL = principal interior diameter of the sphere, ft

D = wall thickness of the sphere, in.

101 = one-half the central angle of the principal
opening defined b y Ring No. 1, deg

0z = one-half the central angle of the second opening
defined by Ring No. 2, deg

Equations (6-77) to (6-79),inclusive, describe the maximum

(compressive) equilibrium membrane force in the region "' =.+ 02 due to

loading on Ring No. 1 in the region*= -+ 0I It is also necessary to examine

the effects of the second loading case on compressive equilibrium forces in

the region 4'- 00 2' Here the line loading PL2 along the periphery of

the second opening includes at least two components. The first of these is

outwardly directed and simply serves to maintain whole-body equilibrium

for the sphere, recognizing that q (and the assumed radial resistance to

PLl) actually do not act over the shell area removed by the second opening.

This equilibrium force is evidenced as a uniform outwardly-directed line

loading component PL "-" 3ZqE SL sin" 0 2 acting over the entire periphery

of the opening. and by a second outitzrd ,-directed line loading component

112 P sLI sT01 sin02 3 EqE sin Z01 sin ? 0 2 which acts over the
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region 7/'/2 < 1 (IP+ 'Y0Z). In addition, due to the transfer of thrust

from adjacent structural elements, there may be an additional line loading

component P"'" which could be either inwardly-directed or outwardly-"LZ

directed.

The membrane forces at any point in the region -' + +0V due

to loadings PL2' PL'z I I"I are linearly and algebraically additive to the

membrane forces due to the first loading. Since we are presently interested

in establishing a maximum value for the compressive equilibrium force,
and since the effects of loadings P and PP' will be to initiate tensile

equilibrium forces in the region of interest, it is probably adequate for

our purposes to use only Eq. (6-77) to (6-79) in a preliminary evaluation

of the requirements for ring compressive resistance. For consistency in

degree of precision, any compressive resistance due to the presence of

circumferential reinforcing steel will be neglected. The following expressions

are then obtained for the required cross sectional area of the supporting ring

ACos V' Jq [ 3 + D shell 1ltanvl 2 ~ tan#-0 1
Aring 0.85 If' SL(shell)+ Z 1[TI Li Icos?0i 1(6-80)

dc

valdfoP ~qE 3 D shell )sin]• ias suming)R =1/2 and

Vot#l =VPOZ, lSL+-E 
P

A. =i02 q [+I/ 2E h t( iin>'( 1  (6-81)

ring dc -E 4 SL(shell)+ I + 1PLI
Dshell

valid for PLI/ ZqE< (3 SL + D ) sinj'0 1

The maximum tensile stress in the regiony' = + I couldscon-

ceivablyalso result from the first case of loading. In this event, as is

indicated by Eq. (6-41a), the maximum tensile stress would occur in the

latitudinal direction and would reach a maximum at Y'I = "Y02 (assuming

Y'R - ??02< 1fT/2). Tension occurs in the region

"o01 .4 Tf •< I /2 if PLl/EqE> (3 SL + D/2) (sinjo0 1 + sin sin 0o).
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It seems probable that the maximum tension in the region
I = +-0Z would be attributable to the second loading casesince tension is

initiated by loadings ILZ and P" 2 " Neglecting any effect of a possible

loading component Pl 2 , and assuming•,0 1 = we can express the

horizontal component of this combined tensile force as PLZ/tan ?01"

Substituting Pý, = 3 IE SLEring) and P"= =L sin0 2  3- -q L(ring)

sin2 YoI, the tensile steel requirement is

6t = bD fdytan 0qEL -sin2 ) + PL sin 2 (6-8Z)

where
6- required tensile steel, expressed as a percentage

of the gross cross sectional area of the supporting
ring

P = line load acting on periphery of first opening, lb/in.

b gross thickness of ring wall in a plane normal to the
plane of the ring, in.

D gross depth of supporting ring section in the plane
of the ring, in.

SL interior principal diameter of supporting ring, ft

f=dy dynamic tensile yield strength of reinforcing steel,
ylb/in. 2

Y01 =one-half of the central angle of the first opening in
the sphere, deg

-qE =composite static equivalent load on shell surface due
to blast-induced loading at the ground surface, plus
conventional dead and live loading (E.q = qEp+ qEs +

with qEp = 0 for no prestressing). Units are lb/in. Z

2. Unit Cost

The unit cost of the reinforced concrete ring is a function of the

cost factors for concrete (Cc), main reinforcing steel (Cs), any required

tie steel in compression areas (C st) and the formwork (Cf). If tursion is

also a consideration, its requirements can be evaluated by Eq. (6-62). The

cost equations of Section 6. 6. 2 remain applicable.

C = b X (6-67)
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C = ,bD X (6-68)

=te bD (6-69)
st 14,400 s

C t b [1 + 0.80 (b +D)] X (6-70)Cvt 14 40 1 v

(includes longitudinal torsional
steel)

C bf= b6+D Xf (6-71)

The composite cost per lineal foot for Ring No. 2 (reinforced

concrete) can then be expressed as

Ct Cc + Cs + Cst + Cv Cf (6-72)

6. 6. 6 Ring No. 2 (Structaral Steel, Compression Sphere)

1. Design

From Eq. (6-40) and (6-41), substituting t for D (sphere) and

assuming that t/SL is small, we can find the maximum (compressive) values

of the equilibrium forces which act on the periphery of Ring No. 2 due to the

first loading case. Assuming VoR = f/ 2 and -P0 1 = 'Y0Z, the following

expressions can be obtained for the required section area (compression).
6 A fdS L(ring) + D ring [3A=1 rqESngig ( 1 - a2•t0

(compression) 7r.tan #O I L(ring)

+PT tan2  ] (6-83)+ W ?01 11
3 SL

valid for PL EqE> ---in , assuming *'R oand )01 ='fo0Z
6 f, +Dn 01 2

A 6SL(ring) + D ring [3Eq S ( -sin 20)
(L°mpression) = 1 y tan )1 0 1  L(ring) '01

+ PLI sin2  Ol

3 SL
valid for PL/EqEI-,--- , assuming -?R lf/2 and V 0 1 :V0lLl Isn 0 1'2

01
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The tensile forces acting on the periphery of Ring No. 2 due to

the first loading case, if they exist at all, will be of a lesser magnitude

than the maximum compressive forces (Eq. (6-40) and (6-41)). Since

fdy(compression) = fdy(tension)' it may perhaps be sufficient to design the

ring only for the compressive forces. There is a definite possibility that

moment will also occur at this section. Because of this, and also to make

provision for any additive stresses resulting from the second loading case,

the cost estimates will assume that the total required section area is 1. 5

times the compression area requirements indicated by Eq. (643) and (6-84).

2. Unit Cost

The unit cost of the structural steel ring for the second opening

in a steel compression sphere is analogous to that derived in Section 6. 6. 3

for Ring No. 1.

C = w X (6-74)

where
w = weight of supporting ring, lb/ft

CGt = C (6-75)

6. 6. 7 Ring No. 2 (Structural Steel, Tension Sphere)

1. Design

The design of the structural steel tension sphere is presented

in Section 6. 5. 3. From Eq. (6-58) and (6-59) of this section, it is apparent

that the maximum tensile equilibrium forces which exist on the periphery

of Ring No. Zwill occur at, '? -f 102. Assuming IfVR =-ift/z and 'Po =Y02
we thus obtLiri, the fullowing (tensile) requirement fur section area in the

supporting ring

A ~~ 6S L(ring) +Dring_ [3r
A(tension)" f dy tan) 001  J 1 (6-85)

3EqE SL(ring) (l-tan 2'?0 1)] I

Following the argument of Section 6. 6. 6 (Design), it is suggested

that the cost estimates assume a total section-area requirement which is

1. 5 times that indicated as adequate for direct tension resistance.

fit RESEARCH INSTITUTI

6-58



2. Unit Cost

The unit cost of this structural steel ring, which frames the

se:ond opening irn the steel tension sphere, is analogous to that derived

in Section 6. 6. 3 CUn~t Cost) for Ring No. 1.

C w : w x (6-74)

where
w = weight of supporting ring, lb/ft

Ct = C s (6-75)

6. 7 BLAST-RESISTANT DOOR

6. 7. 1 Discussion

The most critical structural element in the blast-resistant shelter

system is the 'ulast door. If the blast door either collapses under load or

falls to seal the entrance structure effectively, all other design considerations

become meaningless. Deformation of the door in the elasto-plastic range,

for example, may cause excessive pressure leaks past its sealing mechanism.

For this reason, blast door design is frequently predicated on a requirement

that the material remain within its elastic range under the assumed condi-

tions of loading.

Despite the importance ;.,! the blast door in the entranceway system,

it is not acceptabie to resort to a design which includes an undu'y-large

strength reserve Tbe blast door must be a movable element, thus requiring

a support and mobility system whose total cost is quite sensitive to the

weight and dimensions of the door As a result, in order te obtain an

adequate margin of safetv while avoiding extravagant provisions for excess

strength, it is appropr, t, to examine the design of the blast door in a more

rigorous fashion than his been employed in certain other portions of this

study.'

It will sub&equently he shown that the cubicle entranceway structures

are desirable at low ievels of design overpree~ure, but that cylindrical

and spherical she.l entranceway structures ire more economical in regions

where relatively-high !eve's oX p-essure must be considered. When these
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latter structural configurations are employed, the blast door should have

a curved shape which is compatible with that of its supporting structure.

6. 7. 2 Flat Plate

1. Analysis

Cubicle structures, ab a consequence of their form, will normally

employ a blast door which is a flat plate. The door will be held with re-

straining clamps, thus ensuring that the closure remains effective despite

shock buffeting or any period of negative pressures. Initially, it will be

assumed that the edge restraint thus afforded the plate is negligible. The

door will be analyzed as a simply-supported rectangular plate with long

dimension LL ft, and short dimension LS ft.

The maximum values of the plate moments due to a uniformly-

distributed load of q, lb per in. 2 will occur in the centers of the spans

10 = 144 qi 10 LS (a)6-86)

M 144 qK20 L (b)

.vhere
M 10 resultant moment in the plate, evaluated in the center

of the L (short) span and acting in a direction paral-

leling the short edges of the plate. Units are in. -lb
per in. of length in the L 1 (long) direction of the plate.

M70 = resultant moment in the plate, evaluated in the center
of the LL (long) span and acting in a direction paral-

lelling the long edges of the plate. Units are in. -lb
pei in. of length in the LS (short) direction of the plate.

K10 = influence coefficient for maximum simply-supported
moment in the iS direction of a flat plate, evaluated

from Eq. (6-87a)

K20 influen-e coefficient for maximum simply-su,-ported
moment in the L L direction of a flat plate, evaluated

from Eq. (6-8 7b)

L L = length of plate in long direction, ft

LS = length of plate in short direction, ft

1iT RESEARCH INSTITUTE

6-60

. . _• .. . .. . • lim, wllu am -, - *--• nr.-w t a.."nr mp.,q./l W• •



q, = static equivalent representation of short-duration
reflected pressure loading which acts on the blast-
resistant door, lb per in.

A rapidly-converging double-series solution is used to evaluate

K10 and K20.
20 0

-16 i+V a (a)
10  i4 , , (iz+d,2j2)

(6-87)

16 (b)
K 2 0  4 Tbi=1,3, j=1,3,i i2+° j}

where
i, j = summation indices, odd natural numbers only

S= Poisson's ratio for the material used in the plate.
Typically, A = 0. 16 for concrete and 0. 30 for steel

1
ck = LS/LL (refer to two-way reinforced slabs)

The series is a rapidly-convergent one. A fair approximation of

M 1 0 and M 2 0 can be obtained by considering only the first terms in

Eq. (6-87a) and (6-87b)

M10 2 _.304 4 (1 + V Ck (6-88)

2 2

M0 2304 1s ('l+Ot) (

20 f4 1 1 + 0zý. 128

For the situation of interest in this study, LL represents the height

of a blast door while LS represents its width. Therefore ot. < 1. Manipulation

of Eq. (6-88) and (6-89) indicates that, for ok < 1, M 1 0 > M 20 Thus, as
1

shown elsewhere, the maximum moment in a simply-supported rectangular

flat plate occurs at the center of the short span. Tables 6-3 and 6-4 list accurate

values of K 1 0 and K20 for use in determining M 1 0 and M 2 0 from Eq. (6-86)'

obt,.£:;ed•.:th an IBM 7090/94 computer and expressed in terms of the

reciprocal of Ok.
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Table 6-3

COEFFICIENTS FOR CENTRAL FLAT-PLATE BENDING MOMENTS
IN SIMPLY-SUPPORTED, RECTILINEAR, REINFORCED-CONCRETE

SLABS (i) = 0. 16) WHICH ARE SUBJECTED TO UNIFORMLY-
DISTRIBUTED TRANSVERSE LOADING

1/o0( K10 K20

1.00 0.04273 0.04273

1.10 0.05046 0.04391

1.20 0.05787 0.04429

1.30 0.06485 0.04407

1.40 0.07131 0.04341

1.50 0.07724 0. 04242

1.60 0. 08263 0.04121

1.70 0.08749 0.03984

1.80 0.09186 0.03837

1.90 0.09577 0.03684

2.00 0.09925 0.03527

2.50 0.11155 0.02759

3.00 0.11811 0.02096

3.50 0.12152 0.01571

4.00 0.12326 0.01180

4.50 0.12415 0.00903

5.00 0. 12460 0.00714
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Table 6-4

COEFFICIENTS FOR CENTRAL FLAT-PLATE BENDING MOMENTS
IN SIMPLY-SUPPORTED, RECTILINEAR STEEL PLATES (%) = 0.30)

WHICH ARE SUBJECTED TO UNIFO RMLY-DISTRIBUTED
TRANSVERSE LOADING

1/o- K10 K20

1.00 0.04789 0.04789

1.10 0.05549 0.04999

1.20 0.06269 0.05122

1.30 0.06939 0.05175

1.40 0.07555 0. 05172

1.50 0.08117 0.05125

1.60 0.08623 0.05044

1.70 0.09079 0.04936

1.80 0.09485 0.04806

1.90 0. 09848 0. 04661

2.00 0. 10169 0.04504

2.50 0. 11295 0.03635

3.00 0. 11888 0.02791

3.50 0. 12193 0.02082

4.00 0. 12349 0.01541

4.50 0. 12428 0.01157

5.00 0. 12467 0.00904
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2. Prestressed Concrete

(a) Design

The importance of the blast-resistant door as a structural

element in the entranceway system has already been emphasized. This

importance has led to the recommendation that the door and its immediate

support structure be designed on the assumption of elastic behavior. Pre-

stressed concrete appears to be a suitable material for this application.

A rectangular cubicle slab, of uniform thickness, is con-

sidered to be subjected to initial prestressing forces of effective magnitude

and distribution. The extreme fibers of the loaded slab, both upper and

lower, will simultaneously reach some specified maximum stress at the

section of greatest moment. This maximum moment will be taken as the

yield-moment-capacity of the section. By simple geometric relationships,

the maximum moment can be expressed in terms of the magnitude of the

distributed loading on the slab. The assumption will be that the stress

distribution on the critical cross section, under the full design loading, will

vary linearly between maxima of opposite sign.

The prestressing forces apply a long-duration load to the

concrete of the prestressed slab. For this reason, since any undue creep

or stress relaxation would be highly undesirable, the compressive stress

on the concrete under the effective prestressing forces will be held to the

conventional limit of 0. 45 f . The maximum allowable tension in the concrete
c

will be limited to 347f (Section 6. 3. 1). The yield-moment capacity of the

prestressed rectangular section, under the postulated conditions, can then
be written as D ..-

b w r t e asM = 0 . 4 5 f I+ 3 -I D 2(6-90)
(yield) =c 3V"]c -6-

where
M,.eld) = resisting yield moment capacity of the rectangular

section, assuming initial prestres sing 'according
to the preceding description, and postulating a
linear distribution of stress between the top and
bottom edges of the slab. Units are in. -lb per in.
of slab length, measured along an axis normal to
the plane in which the mom-nt is acting.
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V = ultimate compressive strength of concrete in a standard
c 28-day cylinder test, lb per in. 2

D = total depth of slab, in.

Equation (6-90)lto some extent, may understate the moment

resistance of the slab under a condition of dynamic loading. For this con-

dition, the compressive stress at the extreme compressive fiber might be

allowed to reach 0. 85 fV rather than 0. 45 f'. The resulting increase indc c
moment resistance would not be large, since the slab is deliberately under-

reinforced. Disregarding this factor, Eq. (6-86a) and (6-90) can be com-

bined to obtain an expression for the required thickness of slab.

D=LS 84q, K 1 0  12(6-91)
045V+3V

Since the door has a short span in the LS direction, it is

realistic to estimate the requirements for prestress steel on the assumption

that full resistance to the maximum bending moment must be provided at

any section along the LS span. This permits a crude estimate of the

required length of prestress cable per sq ft of slab surface, by assuming

that the section at depth D is initially prestressed from zero at the top face

to 0. 45 V at the bottom face.
c

2.70 f' D
Lsp c (6-92)

sp

where
L = required length of prestresaing strand, ft per sq ft

sp2 of door surface

F = manufacturer's recommended design load per pre-
sp stressing strand, lb (Table Z-7)'

Since moment M20 is acting in the L L direction, it may be

necessary to place a band of conventional reinforcement at right angles to

the prestressing strands. It would be customary in blast-resistant design

to require a minimum of 6t = 0. 50 distributed equally between the upper

and lower faces and extending in the LL direction. This would be adequate

for temperature steel, and might also be adequate to resist M 2 0 . If such

is not the case, additional steel must be added. The steel requirement in
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the LL direction, based on moment, can be obtained from Eq. (6-86b) by

considering the ultimate moment resistance of a reinforced-concrete cross
1

section. 2scL (LL direction) = 17, 800 qiK2 0 (S ) (6-93)

where 100 A
6cL D s= required bottom steel in LL direction at

the center of the span, expressed as a
percentage of the gross cross section area

Assuming d = 0. 9 D and with equal distribution of the

specified minimum steel (6 = 0. 50) at top and bottom faces, moment steel

in excess of 6 0. 50 will be required only when values of 6cL from Eq.
(6-93) exceed t 0,9 x 0. 50 = 0. 225.

Some recognition should be given to the existence of induced

edge moments due to the presence of the support clamps. The absolute

maximum value of these willbe the fixed-end (elastic) moments, and the

probable maximum values will be somewhat less. Adequate moment resis-

tance should be possible through the efficient layout of the reinforcing steel

which has already been specified for other purposes.

Shear stresses in the flat slab should also be examined. Due

to the short span and heavy loading, diagonal tension or shear compression

stresses would present a major problem in conventional reinforced-concrete

design. It will be assumed that the axial load imposed on the slab by the

initial prestressing forces will be adequate to prevent this mode of failure.

However, the subject is imperfectly understood and further investigation

would be highly desirable.

Excluding the diagonial tension and/or shear compression

modes, it is still necessary to investigate the possibility of a pure shearing
1 15

failure. The ultimate shear capacity of the section will be taken as

V =0.20f' D (6-94)
u C

where
V = ultimate shearing capacity of section, lb per in. of slab

Su along a section of maximum shear
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An upper bound to the effective shearing load, expressed

in lb per in. of slab, is obtained by evaluating the reaction at the slab

support.

V max = 6 qlLS (6-95)

Combining Eq. (6-94) and (6-95) yields the required slab

thickness, based on considerations of pure shear on a vertical section at

the slab supports. 30 q LS

(shear) f(6-96)
c

(b) Unit Cost

The unit cost per sq ft of prestressed concrete flat slab is

a function of the component costs of concrete (Cc), reinforcing steel (Cs),

prestressing strand (C sp) and formwork (C f).

D
Cc =- X (6-97)

c 12 c
6tD

C t X (6-98)

(use 6 t = 0. 50 minimum in the

LL direction, plus any additional

steel necessary to satisfy Eq. (6-93)

C = L X (6-99)
sp sp p

Cf = Xf (6-100)

The composite cost factor, per sq ft of slab surface, can be

expressed as

t c s sp f

3. Structural Steel

(a) Design

Based on a requirement for elastic design, the yield moment

capacity of a dynamically-loaded rectangular steel plate is
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I

M f y t"(6- 102)
(yield) = (- oz

where
M(yield) = resisting yield moment capacity of the rectangularsection, in. -lb per in. of slab along an axis normal

to the plane of the resisting moment.

fdy = dynamic yield strength of structural steel, lb/in. 2

t = thickness of steel plate, in.

The maximum moment in the simply-supported plate occurs

at the center of the LS span. As described in the preceding section, the

value of this is obtained from Eq. (6-86a). Equations (6-82a) and (6-98)

can be combined to obtain an expression for the required thickness of plate,

based on bending stresses.

L 864 K10 qI q /Z(
t S ,f6 I3fdy

Shear stresses in the structural steel plate, as in the pre-

stressed concrete slab, should also be examined. The yield shearing capacity
1

of the section will be taken as

Vp = 0. 60 fdy t (6-104)

The upper-bound value of the shearing load, as expressed

by Eq. (6 -95)gremains unchanged,

10 ql Ls

t(shear) fdy

(b) Unit Cost

The cost factors per sq ft of structural steel plate are as

follows
C=X S (6- 106)

S S

Ct =Cs
Ct C;S

6. 7. 3 Single-Curvature Surface

1. Analysis

When a blast-closure in a cylindrical entranceway structure must

be considered, the door is developed as a portion of the same cylindrical
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shell rather than as a flat-plate element. This is generally advantageous,

since when bending stresses control the door designlthe cylindrical shell

is markedly more efficient than the flat plate in carrying uniform transverse

load. By taking advantage of the curved shape, it is frequently possible to

reduce the weight and thickness of this structural element.

The resisting moments induced in the cylindrical shell

element by surface loading can be attributed to two distinct processes. First,

thee. exi st the "•i 21-y-supportýw.f..1 .at-.?late -.-rments whose values are restricted

to the length-to-width ratio of the shell element and to the physical properties

of the shell material. Next, these flat-plate moments are modified by the

effects of the rise-to-span and rise-to-thickness relationships for the shell.

A double-series solution, with rapid convergence characteristics, can be

employed to evaluate the controlling moment.

a zoo

K 16, i +V0 A (a)

K1 i=1,3, j=1,33 i j (i + x i )
(6-108)

K0 1 + (b)

it i=1,3, j=l,3 i (iz + Az )

K k ýLA OD OD 3 G ( + (22
I kJ 2 + 2 ) 2- (2 + J 2 ]

i=1,3 j =1,3,
(6-109)

K 16 i3 ( 3 2 _ )2 ) (b)Zkjz)z (iz + A z)4 i4
i=1,3, j=l,3,

M 144 qL 0 - K lk (6-110)

M 20  144 qjLs (K 20 - Kak) (6-Ill)

where
K 10  influence coefficient for simply-supported, flat plate

moment in shell, evaluated at a Lransverse section
through the midpoint of the shell barrel.
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K0 z= influence coefficient for simply-supported, flat-
plate moment in shell, evaluated at a longitudinal
section through the midpoint of the shell span.

K lk influence coefficient for moment reduction in shell
due to shell curvature, evaluated at a transverse
section through the midpoint of the shell barrel.

KZk influence coefficient for moment reduction in shell
due to shell curvature, evaluated at a longitudinal
section through the midpoint of the shell span.

M0 1= resultant moment in shell, evaluated at the midpoint
of the shell barrel and acting in a direction paralleling
the straight edges of the shell. Units are in. -lb per in.
of curved-edge length.

M = resultant moment in shell, evaluated at the midpoint
of the shell span and acting in a direction paralleling
the curved edges of she shell. Units are in. -lb per in.
of straight-edge length.

i, j = summation indices, odd natural numbers only

"i) = Poisson's ratio for the material used in the shell.
Typically, V = 0. 16 for concrete and 0. 30 for steel.

A = ratio of straight-edge length to curved-edge
L

length for the shell, X-
LL

6912 (1 - 2) L4

4 2 SS D z

q = static equivalent uniformly-distributed load, representing
the effect of reflected pressure loading and acting radially-
inward on the shell surface, lb/in. 2

LS = barrel length of shell, ft (For the application considered
hercin. this will be the shorter edge of the cylindOrical
shell element. This length is related to th- width of
the door.)

0LL = arc length of curved edge of shell, ft (This length is
related to the height of the door. )

S L/2 = radius of curvature of cylindrical shell element, It

D = thickness of shell, in.

The series indicated in Eq. (6-108) and (6-109) converge

quite rapidly with increasing values of i and j. Some insight into the relative
contributions to the central bending moment i n each principal direction can,
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as a consequence, be gained by considering only the first term in each

series. By factoring common terms in Eq. (6-108) and (6-109), Eq. (6-110)

and (6-111) can be written as follows
00 00

M = 144 K1 qs 2 + P + (6-112)
144 10 qL9 [1 E (iz A zj ). 4 + 4~

i = 1, 31 j = I, 31

00 OD

M2 0 = 144 K 0 qL4 1 -AE (6. 3
i=203, j=1,3, 2+ AZ Z)4 4 (6-113)

The separate influences of plate bending and of plate curvatul.e

are readily apparent in Eq. (6-112) and (6-113). The summation term in

each of these equations results from plate curvature, and acts to reduce

the effective maximum moment in the cylindrical element. As S L becomes

large in relation to Ls/D, the value of /.. becomes less and the effect of

plate curvature is correspondingly reduced. The limiting case is reached

when SL---.oo (flat plate), for here ,4-o

Similarly, the effect of ? on flat-plate moments can be

evaluated. This term, as defined, represents the ratio of the side lengths

for the element ( ?t = L S/ L). For the flat plate ( U --. 0), the arc length

T L of the curved side is identical with its principal chord length LL. The

case of interest then becomes identical with the two-way flat slab. There it

was suggested that, when values of A (ain aitation cof Ref 1) were 0 5 or less

(or il the more general case, exceeded 2 0), the two-way slab could be

treated as a one-way slab with significant moments only in its shý2rt direc-

tion. For the blast-door dimensions contemplated in this study (Table 3-1)

the ratios of door-width to door-height are usually such that two-way action

will not have a major effect in reducing the maximum moments in the door

slab.

The relative magnitudes of M 10 and M 2 0 can be examined

by considering only the first terms of Eq. (6- 110) and (6-111). It is then

found thatYi f the larger of these two mcrients is that acting in the LS direc-

tion (parallel to the straight edges of the cylindrical element), then the

inequality M10/M00 > I must hold. By substitution, it can be demonstrated
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that a necessary condition for this inequality is ( 1 2 • I). Since LS < L

for the doorway under consideration, ?L < I and ?L < 1. Hence, M10
represents the maximum moment in the shell, for the stated relationships

and within the precision limits obtainable by evaluating only the first term

of each moment series.

In addition to the principal bending moments M10 and M 0

axial thrusts and transverse shearing forces will act on the cross section

cf the cylindrical element, Iti.will be assumed .that the shell section, pro-

portioned to resist. direct and-bending stres~ses, w i ll be adequate in its

shearing resistance. However, since the stresses due to axial thrust

can be directly additive to those produced by bending moments, it is of

interest to evaluate the principal thrusts N1 and N2 at the sections of maxi-

mum bending moment.
35

As with the bending moment components, double series

solutions can be employed to evaluate the principal thrusts at any point on

the cylindrical element. These series will be evaluated at the centers of

the two spans, where M1 and M 2 were seen to reach their maxima, M 1 0

and M 2 0 .

N 2304 q, 1 L0s;k A EE_____(6_114
10 4O0zZ

ND0 iDf4  i= 1,3,(4 +I34 (6-114)

2304 2 3
N ° S 'A [...... ] (6-115)

Dif4i=1,3, j=1,3, j [(i+ J)4 + .Ai4

where
N 10 = axial thrust in shell, evaluated at the midpoint of the

shell barrel and acting in a direction paralleling the
straight edges of the shell. Units are lb-in, of curved-
edge length.

N = axial thrust in shell, evaluated at the midpoint of the
curved span and acting in a direction paralleling the
the curved edges of the shell. Units are lb-in, of I
straight-edge length.

For homogeneous rectangular sections, with isotropic strength

properties satisfying Hooke's law, the combined effects of axial thrust and

of bending in the elastic range can be approximated as
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N 6M
D-+ 2M (a) (6-116)

where
f = maximum stress on rectangular cross section, assuming

linear stress distribution between maxima of equal
magnitudes and opposite sign.

Or, rearranging terms, the required gross depth of section

is as follows. [1/2
Dm6 [M + D) 3 (b) (6-116)D~mi) - (max)

Equations (6-112) and (6-114) can be substituted for M and

N in Eq. (6-116b), leading to an expression for D which is valid for the

stated conditions of isotropy and elastic behavior.

(m) 864 K1 0) q, 2 00 00MK It14 - 2 ?J
(min) (max) 3K (i j) +i 4J

i=1(,3 j=l,3 0a)

As a reasonable approximation, since the series converges

rapidly and since the relative effects of plate curvature and of axial load

are small in comparison with that of plate bending, the following equation

can be substituted for Eq. (6-117a)

S~2

2 864 K10 q, L (S 1 + 2)2- G(4 A 2)2 (1 + Ve) 2 )+ P A 2 /6]D - u {)+' (6-117b)
f(max) +QA2  (G + A + MJ

As indicated by Eq. (6-108a), values of K10 can be obtained

as functions of A, assuming a fixed value of 9) . Computer solutions of this

equation are supplied in Section 6. 7. 2 as Table 6-3 () = 0. 16) and Table 6-4

(") = 0. 30). Values of K10 from these tables can be substituted directly in

Eq. (6- 117a) or (6-117b) and used to determine the required cylindrical-

element thicknesses of reinforced concrete slab (•) = 0. 16) or of steel

plate ('1 = 0.30, t = D).

The actual boundary conditions at the supports for the door

element will differ somewhat from those assumed in the derivation of
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Eq. (6-103) to (6-110) where it was postulated that all element edges would

be simply-supported, permitting free rotation but with no linear displace-

ments. For the door element under consideration, rotation of the curved

edges will be constrained to some degree by the presence of support clamps.

These clamps are necessary in order to keep the door in a tightly-sealed

condition during the later states of blast loading~when shock buffeting and a

negative pressure phase can be anticipated. The influence of these clamps

will decrease in relative importance as the door thickness is increased.

In general, any restraint thus afforded will reduce the maximum central

moments in the shell element near the curved supporting edges. It should

also be recognized that the supports for the door edges are not rigid, as

assumed in the derivation, but actually can deflect under load. The effect

of such yielding will be to redistribute any edge moments in the door element.

An upper limit for these moments can be obtained-by assuming the edge to

be completely constrained at a rigid boundary. For this condition,

q, D S L 0.93 (SL D)I1/ 2

M1e _ 6 - L (6-i18)
m LS

where
Mle = value of moment at curved edge of cylindrical doorelement, assuming full restraint at a rigid boundary.

Units are in-lb per in. cf curved-edge length.

q, = static equivalent uniformly-distributed load, repre-
senting the effect of reflected pressure loading and
considered as acting radially-inward on the surface
of the door element, lb/in.

D =thickness of door element, in.

S L/2 = radius of curvature of door element, ft

K = constant, related to Poisson's ratio for the material.
Typical values range from 3. 30 for steel to 3. 46 for
concrete.

Ls = length of straight edge of the curved door element
(barrel length), ft

2. Prestressed Conc'ete

(a) Design

Initially it is assumed that the curved door slab is of uniform

thickness. This slab is subjected to prestressing forces whose effective
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magnitude and distribution are such that the extrem'e fibers of the slab,

both upper and lower, will simultaneously reach some specified maximum

stres3 under load it the section of maximum moment. This maximum

moment will then be considered to be the yield moment capacity of the

section, and can be related to the magnitude of the associated uniformly-

distributed load. The stress distribution on the critical cross section

varies linearly between maxima of opposite sign.

The prestressing forces apply a long-duration load to the

concrete of the slab cross section. As discussed (Section 6. 3. 1), the con-

crete compressive stress under the effective prestressing forces will be

restricted to the conventional limit of 0. 45 f'. The maximum allowable
c

tensile stress in the concrete will be limited to 3V TV. Considering theC

stress reversal afforded by initial prestressing, the maximum stress which

can be applied to the slab cross section will be taken as 0.45 fV + 3v/f'.can

This can then be substituted for f(max) in Eq. (6-i17b) to yield Eq. (6-119).

An iterative process must then be employed (since D also enters into the

calculation of p) in order to establish the approximate section depth, D,

which is required to resist axial thrust and bending. Finally, if so desired,

the value of D from Eq. (6-119) can be substituted into Eq. (6-117a), and

the iterative process continued to obtain an exact value of D. This latter

step, however, is frequently unnecessary.

864 K qi LS (I + (i +,, 2)2(I/+

D {o 101 LS (I • jLA (1+t)AR2 )+IA2 I. JA (6-119)0.4 fL I + VT 1++ +m +M

Since the door elements considered have short barrel lengths,

it is realistic to estimate the requirements for prestress steel by consid-

ering the maximum stress, rather than the average. The reqti'red length

of prestress cable per sq ft of slab can be approximately expressed in the

same form as for the flat prestressed door slab of Section 6. 7. 2.

2. 70 f' DL - csp r•sp

where

L = required length of prestressing strand, ft per sq ft
sp of door surface
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Fsp =manufacturer's recommended design load per
prestressing strand, lb (Table 2-7)

It is also necessary to determine the quantity of reinforcing

steel; conventional.prestress. or both; which will be required in the slab.

Since the maximum moment in the slab (for ; 2 < 1, as is true for this

application) occurs either as-M1 0 or Mle, it follows that prestressing steel

will parallel the barrel length of the element. There is also a moment of

lesser magnitude in the circumferential direction (M20 of Eq. (6-113))which

must be accommodated. Conceivably, reinforcement in this direction could

be either conventional reinforcement or prestress steel. While recognizing

that major difficulties in steel placement could be present, qthe former type

-f reinforcement will be postulated. This will lead to a requirement for

reinforcing steel in the LL (circumferential) direction.

The steel requirement in the circumferential direction can

be estimated by equating the maximum moment in this direction (M2 0 of
1Eq. (6-113))to the ultimate moment capacity of a rectangular section.

the prpstxress strand, it will be assumedthatthe steel percentage remains constant

throughout the element length, It will also be assumed that the effective depth of

the slab, for bending resistance, is 0. 9 times its total depth. Substitutionoftereainsi1M .01 LD2
of the relationship M 0. 0081 6 D f into Eq. (6- 113).evaluating this

on an approximate basis for the first term of the series, yields an expression

which is similar in form to Eq. (6-93) for the flat prestressed slab. How-

ever, recognition is given to the effects of plate curvature
g

6 cL., 17,800 K2 0 [•y 1 (1 + )+ (6-120)

where 100 A
cL D required bottom steel inLL direction

at the center of the span, expressed as
a percentage of the gross cross section
area

Assuming d = 0.9 D and with equal distribution of the specified

minimum steel (6 t = 0. 5) at the top and bottom faces, additional moment

steel must be supplied when values of 6 cL from Eq. (6-120) exceed

0.50 xO.90 = 0.225.
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As with the flat slab, 'it will be assumed that pr-..per placing of the conventional

and prestressed reinforcement will be adequate to resist any edge moments

due to the restraining door clamps. As indicated earlier, an upper bound

for these moments can be obtained by applying Eq. (6-118).

As a result of the initial prestressing, the entire door slab

cross section in the high shear region near the supports is in a state of
E .axial compression. For the range of compressive stresses considered

within the prestressing allowable, an increase in the ultimate shear capacity

of the beam is expected. 38 For design purposes, this increased pure shear

capacity, plus a liberal estimate of the total applied shear at the supports,

is presumed sufficient to preclude the possibilityofa diagonal tension or shear

compression failure. In terms of ultimate shear capacity1 3

4. v = 0. Z0 D f (6-121)U c

where an upper bound to the applied shear load is

V = 6 qlLs (6-122)

therefore

D =30 1 (6-123)

where

V = ultimate shear capacity of the door slab, lb/ in.

V = maximum applied shear on the door slab, lb/in.

(b) Unit Cost

The unit cost per sq ft of cylindrical-element blast door

surface can be expressed as follows.

C = X (6-124)

= D 6tL X (6-125)Cs 1 2005- 8s

C sp sp=L Xp (6-126)
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C =X (6-127)

f. f

The composite cost factor per sq ft of surface can be expressed

as
Ct Cc + Cs + Csp Cf (6-128)

3. Structural Steel

(a) Design

The design of the cylindrical element blast door in structural

steel is very similar to that just described for prestressed concrete. The

thickness of the steel shell, continuing the notation developed earlier, is

now designated as t. The required t for a steel plate, based on a given

set of initial requirements, is considerably less than the required P for a

comaparable prestressed concrete slab. For this reason, the effects of

slab curvature in modifying the flat plate moments (Eq. (6-112) and (6-113))

are more pronounced for the curved steel plate.

As with the prestressed concrete slab, the design of the steel

door will be predicated on elastic action throughout the contemplated loading

range. Since the applied load is of short duration, it is reasonable to anti-

cipate that the dynamic yield strength of the material can be developed. On

this basis, an approximate expression for the thickness of steel plate required

to resist axial stresses and bending moments can be obtained from Eq.

(6-117b). As with the prestressed concrete element, (Section 6.7.3), an

iterative process is necessary since the plate thickness, t, also enters into

the expression for

864K 0 q LS [ + 2I.+ (2 2 +22Z2

If so desired, the value of t satisfying Eq. (6-129) can be

substituted into an analogous expression utilizing Eq. (6-117a). This leads

to a more exact ,nlution, since the effects of plate curvature are summed

for the entire i, j series. However, little if any change in t will result.
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Since the plate is isotropic with rupect toits strength

t N 0  N
properties, and since M10 + -1> M2 0 + 20 at their maximum

values, the plate thickness satisfying Eq. (6-129) will automatically satisfy

the streng1h requirements in the L L direction. There is a possibility that

edge-restraint moments may govern the design, and this should be checked

by substituting into Eq. (6-118). Shearing stresses at the edges of the

single-curvature plate can be checked by Eq. (6-104), as with the flat plate.

b. Unit Cost

The unit cost of a structural steel door, per sq ft of surface

area, is expressed in the same form as for the flat plate of Section 6. 7. 2.

C = X (6-106)5 S

(values of X are supplied inS

Table 2-3)
C Ct = s (6-107)

6. 7. 4 Double-Curvature Surface

Blast closures are required for exposed openings in the spherical

entranceway structures (Section 6. 5). From the standpoint of structural

efficiency, the preferred shape for the blast closure would be that of a right

spherical cap. The trace of the intersection of this cap with the sphere

proper would then be in the form of a circle, whose diameter would be

related to the central angle 2 To of the opening, as follows

SL(cap) = SL(sphere) sinTO° (6-130)

Solutions for the axial thrusts and stresses in a shailow spherical

cap of this type, under conditions of radial uniformly-distributed loading,
35

are readily available. These solutions are similar to those furnished

for the cylindrical element, with the effect of double curvature serving to

reduce still further the flat-plate moments. Normal and shearing forces

are set up in the shell, in addition to moments and transverse forces, as

a consequence of the double curvature.
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The spherical cap, as just described, would intersect with the

sphere proper and would transfer its loading to a supporting circle. This

circular support would then correspond to Ring No. I of 3ection 6. 6, where

the blast-door reaction was analyzed as an axially-directed line load. This

load is axially applied to the ring which frames a circular opening in a

symmetrically-loaded spherical shell. Any horizontal component for this

loading, such as would result if the spherical cap has a hinged connection
35

at its base, would not present problems. Some moment transfer to the

support ring could be anticipated, due both to minor load eccentricities and

to the presence of door clamps, but this could be accommodated by providing

adequate torsional reoistance for the support ring (Eq. 6-66).

Since this analytical approach is a straightforward one, it is unfor-

tunate that this form of spherical cap is not entirely suitable for the con-

templated application. Its intersection with the sphere proper is not in

the form of a circle and the characteristic shape of aperture for the rapid

movement of people i s rectangular (Section 3. 3). In order to circumscribe

a rectangle of the required dimensions, the spherical cap must either have

a circular intersection with a large base radius or it must have an inter-

section which ap; ý4mates the required rectangle.

If the first of these two concepts is adopted, the analysis of the blast

door and its supporting ring can be readily accomplished. However, two

practical difficulties are encountered. First, since the span length of the

blast door is relatively large, the door can become a rather costly item.

Next, recognizing that the door must be a movable one, the size and bulk
of a circular door impose major problems in the design of the support and

closure systems. These difficulties are considerably enhanced if it is

specified that the entranceway system must remain serviceable after the

design level of attack.

Alternatively, the second concept could be utilized. The intersection

of the cap with the sphere proper would then be rectangular in form, with

dimensions approximating those specified for a door opening (Table 3-I).

The controlling span length of the door element would be significantly less

than for the first case, and it can be anticipated that any bending moments

in its central portion would be correspondingly reduced. The size and mass
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of the door element would be considerably less, leading to probable savings

in its support and closure systems. The door element and its loading are

no longer symmetric about an axis of rotation. Generalized solutions to this

category of problem, as noted in Section 6. 5. 1 (Design), are not practicable

within the scope of this study. A superficial examination of the problem

suggests that the major design complexities would be encountered at the

base support of the door element, where significant bending stresses can

be expected at the re-entrant corners. In addition, if this blast door is to

rest directly on a support ring, the design of this supporting ring (and of

the sphere proper) will be complicated by the nonsymmetrical pattern of

loading.

While it did not appear feasible to pursue these investigations, it

was necessary to develop some representative cost data for a spherical-

shell closure. In order to accomplish this, certain simplifying assumptions

will now be introduced. First, the form for the blast door will be taken to

be a surface element of the sphere to which it is attached. Next, its inter-

section with this sphere will be assumed to have the form of the optimum

rectangular doorways of Table 3-I. Rather than actually design the door

element, it will be assumed that its resistance (duo" to double curvature)

would be at least equal to that of a corresponding cylindrical-element door.

Design and cost data for this latter type of doorway will then be utilized as

an approximation to equivalent data for the spht.rical-element door.

The circular supporting ring of Section 6. 6 will be retained, despite

the re tangular shape of the blast door. This will be accomplished 1y pro-

viding a thick, rigid disk. which is contained within the circular ring and

which has a rectangular opening to accommodate the blast door. Edge

reactions from the blast door arv. thus transb -rred to the disk as shearing
~~~~~~~~~~~ .ý ., Uzisiariýb.-r'~ ea . . ~ No. 1),

wfl! a,:t as:' a tir,:ient and a li.iv lo•aditig Al-.• th-a • ,;~•

6. 8 CHANNEL GUIDES FOR BLAST-RESISTANT DOOR

The blast doors cortai'% red in this study are designed to open or close

by horizontal movemer~t in the plane of the door opening- As a consequence.

a the door will rest on lo-izontal rollers to facilitate such movement. These
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rollers are positioned between the flanges of a structural steel guide-

channel, wnich may either be a rolled shape or one built-up from component

elements. The web thickness of the guide channel is largely determined

by the weight of the blast door, while the channel depth is governed by the

thickness of the blast door. The channel minimum length is approximately

twice the width of the blast door which it supports. Finally, the longitudinal

axis of the channel guide must conform in shape to that of the supported

edge of the blast door.

Channel guides are provided both at the top and at the bottom of the

blast door. These will facilitate tracking during opening and closing, and

will also help to keep the door sealed during shock buffeting and negative-

phase loading. A similar guide is provided along one side of the door,

so thatin its closed position, the door is restrained on three of its four sides

by the channel flange. Retractable clamps or "dogs" will be used to provide

positive closure on the remaining side.

The channel will be attached by one leg to its support structure.

Hence, the required web thickness for the bottom -guide may be established

by either the cantilever bending moment or the shear at the web-flange

junc:ion of the channel. Assuming that the blast door dead-weight of w lb

per lineal ft is applied as a uniformly-distributed load over the depth of the

channel web (web depth dw in. and web thickness t in.), the required

web thickness for conventional loading is obtained as the larger value of

the following. Z
t ~ _w -11

w(bending) (6-131)

t w (6-132)
tw(shear) 7.2 f

The static-loading valuef y, is used for the yield point of structural

steel in Eq. (6-131) and (6-132). The reason for thi s is that the blast door

constitutes a long-diration loading on the channel guide. Also, if the config-

uration of the door and the anticipated orientation of the reduced pressure

front are such that lateral blast forces can be applied to the guides, an

additional strength capacity should be furnished. It is almost impossible to
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I.

place quantitative measures on these additional requirements, largely

because of the complex wave form of the pressure front. Considering the

importance of maintaining effective blast sealing, a factor of safety of at

least two (with respect to static loading) would appear justifiable in the

* design of the support guides.

4 6.9 SUPPORTS FOR BLAST-RESISTANT DOOR

6. 9. 1 Discussion

For the entranceway layouts contemplated in this study, a surface

transition section (Section 1. 3. 3) and depth transition section will lead

; from the ground surface to a blast-exclusion section. This latter section,

which contains the blast door and may also contain its supporting structure,

can take the configuration of a cubicle (Section 6.2), a horizontal cylinder

(Section 6.3 and 6.4) or a sphere (Section 6. 5). The primary loading on

this blast-exclusion section can be either tensile or compressive, depending

upon whether the blast-resistant door is located at its upstream or its down-

stream face.

The dead load of the blast door, plus any allowance for anticipated

lateral reactions at the 4oor edges during blast loading, is carried by the

channel guides desciLbeci 1n Section 6. 8. In addition, an adequate normal

reaction must be supplied to resist the primary loading on the blast-excursion

door. While this door loading could conceivably be transferred directly to

the structural surfaces adjacent to the door opening, it is generally advanta-

geous to provide supplementary supporting members to receive the edge

reactions of the blast-loaded door.

The layout of the door supports , c! t o s c me •:: -nt, dependent upon

the configuration of the blast-exclusion section. For example, in the case

of a door opening in a cubicle, transverse rectangular frames of beam

and column sections are placed along the vertical edges of the opening. The

door reaction then subjects these framing members to a bending moment

and to an axial loading which, depmnding on the location of the door relative

to the blast-stream, can be either tensile or compressive. A similar layout

is used for door openings in cylinders except that the support members,

again placed normal to the loaded surface, are now circular rings rather
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than rectangular frames. An exception is made in the case of the doorway

for the sphere. Here the door reaction is transferred to a support ring,

normal to the plane of ring curvature, (Ring No. 1 of Sections 6. 5 and 6. 6)

and thus i s transferred to the doubly-curved surface of the shell itself.

6. 9. 2 Door Supports, Cubicle Structure

1. Design

Here the blast-resistant door, (Section 6. 7. 2), is rectangular

in form and will consist of either a flat slab of prestressed concrete or a flat

steel plate. This door can be moved laterally on its channel guides (Sec-

tion 6.8), and in its closed positionunder conditions of blast loading, will

bear against two rectangular support frames whose vertical members parallel

the long (vertical) edges of the door. Bending moments are thus introduced

into the vertical members of the support frames, and their end reactions

are transferred to horizontal framing members which are integral with

the external surfaces of the roof and floor slabs. Axial forces in these

horizontal members can be either tensile or compressive, depending upon

the positioning of the blast door relative to the pressure front. While there

could be some moment transfer between the vertical and the horizontal

members, the structural stiffness resulting from the integral action of the

cross beams and the roof (or floor) slab suggests that significant rotation

of the beam-column joint is unlikely. Finally, the whole-body equilibrium

forces for the blast door loading will be assumed tc act on that portion of the

rear entranceway wall which is bounded by the roof slab, the floor slab,

and the rear vertical members of the two rectangular frames. This equil-

ibrium force would result from the internal pressure load for a downstream

location of the blast door, or from the passive earth pressures in the event

of an upstream location for the blast door.

Let us consider the case of a transition section, rectangular in

cross section, whose upper end is open to th•. blast wave. At some interior

point, whose exact location is dependen' upon the details of the entranceway

layout, its side wall will merge with the end wall of a blast-exclusion cubicle.

A blast-exclusion door is located in the sidle of the, transition passage (co-

incidental with the end wall of the blast-exclusion cubicle) and some distance
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from its terminal end. This door is also rectangular, with dimension LS

and LL (ft). The blast-exclusion cubicle, as viewed from the blast door,

has a 1:eight H ft and a width of BT ft. There will only be minor differences

between the magnitudes of L L and H since mii'imum head-room requirements

normally control this dimension for both elements. In addition, since the

entranceway width requirements are established by the expedient movement

of people (Chapter 3), the cubicle width B, will not greatly exceed the door

width LS. To permit it to slide fror-, a.-. o , a' closed p.sition, the blast

door will probably not be centrally located within the width BT.

The reduced pressure wave, probably with multiple intermediate

reflections (Chapter 4),will proceed along the rectangular transition passage

and will be reflected from its interior surfaces. Concurrently, all exterior

surfaces in contact with the ground will receive earth-transmitted overpres-

sure loading. However, over the width BT (end wall of blast-exclusion

cubicle, also containing the blast door), only the reduced reflected pressure

is acting. The reflected pressure produces a dynamic loading of very brief

duration on the interior surfaces of the passageway. This (Chapter 4 and

Section 6. 3), can be represented for analytical purposes as an equivalent

uniformly-distributed static load, qI lb/in. 2 The overpressure loading and

conventional loading on ground-contacting exterior surfaces of the passageway,

can be represented as qEd + qE I r horizontal surfaces and kh (qEd + qEs)

for vertical surfaces. Since qI is appreciably larger than Z qE in the general

case, the net loading within the passageway is outwardly-directed.

The blast-resistant door, for all design situations considered in

this study, will bear in compression on its support structures under blas t-

loading conditions. It will be assumed that sufficient longitudinal steel will

be incorporated in the end wall of the blast-exclusion cubicle to ensure its

two-way action throughout that region which is coincidental with the side wall

of the transition passageway. In the case of the cubicle blast door, the near

vertical legs of each rectangular frarres will receive a total loading of

72 q, L LS lb from the blast door. Assuming that the vertical support is

much stiffer than the door slab, and recognizing that the cubicle height H

is approximately equal to the door height L V we will assume that each

vertical member of height H (ft) and width b (in.) supports a uniformly
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distributed loading of 6 q, LS lb per in. and a torsional moment of 3 qI b LS

in. lb per in.

The vertical members will be analyzed as fully-fixed at their

ends, in recognition of the stiffening influence of the roof and floor slab.

Based on the justifications for elastic response of the blast door system

(Section 6. 7. 1), the assumption of yield redistribution of moments, as

used elsewhere in these studies, 1, will not be extended to the columns.

In addition to providing adequate resistance to bending and torsional moments,

it-will be necessary to check the strength of the section in the diagonal tension

and/or shear compression modes. The same analysis will also be applied,

with some implicit degree of conservatism, to the rear vertical members

of the frame.

The ultimate load capacity of a uniformly-loaded reinforced-

concrete member as it approaches failure in its bending mode, prior to any

inelastic redistribution of bending moments along its length, can be expressed

as follows. 1 2

where qf = static equivalent uniformly-distributed load, lb/in.2

corresponding to the ultimate bending moment capacity
at the end sections of a fixed end reinforced-concrete
flexural member

= area of tension steel reinforcement at the fixed ends of
e the flexural member, expressed as a percentage of the

net cross section area, bd

d = effective depth of flexural member (depth from com-
pression face to centroid of tension steel), in.

H = clear-span length of flexural member, ft

fdy = dynamic yield strength of reinforcing steel, lb/in.

The shearing mode resistance can be approximated as follows.

q 1 75)1 d)I )V'"41 I+O0.000a6V fdy (6-134)

where q sc =static equivalent uniformly-distributed load, lb/in. 2

corresponding to the ultimate strength of the section
in diagonal tension and/or shear compression,
assuming fixed-end support
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0' = ratio of percentages of compression reinforcement
and tension rcinforcement. (0' = 0. 25 is assumed
in this study)

V' = ultimate static compressive strength of concrete,
c based on standard 28-day tests on cylindrical

specimens, lb/in. 2

6 = area of shear reinforcing steel (vertical stirrups)
v expressed as a percentage of the section are of

the flexural member

For equal strengths in both flexural and shearing modes, qf = qsc and

1045 +0. 0 2 0 9 vdy (-
vi f (6-135)

fdy

qf = qsc

0' = 0. 25
q I(6Ls + b)

Substituting qf = qsc - b where b is the width in inches of

the flexural member, the following equation is obtained for the design of the

vertical frame member

d = 1045 + H0.00 6 v d] 1/ (6-136)

The required area of torsional steel (vertical stirrups) can be

determined from Eq. (6-66),substituting Mt = 3 q, b LS. An equal area of

longitudinal steel is also required. This will be spaced around the periphery

of the cross section.

600 q b Ls - 70 b2 D (fc')2 /3
vt (6- 137)

where
vt total required crobs sectional area of torsional stirrup

steel, expressed as a percentage of the gross plan area

of the beam. 100 A
( 6vt a `T= where A. = total cross

sectional area of reinforcement measured normal to b I-!
plane)

q, =static equivalent uniformly-distributed representation o,
reduced reflected pressure loading on blast door, lb/in.

b width of rectangular support column, measured in plane
of blast door, in.
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I

D = gross depth of rectangular support column, measured
normal to plane of blast door, in. (d = 0. 9 D)

LS = width of blast door, ft

fl' fdy as previously defined.

In an actual design situation, assuming that the blast door can be

centrally-located in the width BTA it may be advantageous to set the column

width at 6 (BT - LS). If this is done, the portions of the end wall of the

blast-exclusion structure which are immediately adjacent to the blast door j
would be designed for a loading of q( T rather than for a loading

of (q I -kh qEd)'

The horizontal members for each rectangular support frame j
will be analyzed as axially-loaded struts, on the assumption that any moment

transfer at the beam-column connection will be resisted through T-beam

action by the roof and floor slabs. Two separate cases must be recognized

in the analysis, since the strut loading is influenced by the layout of the

blast door and its supporting frames. The first of these will occur when j
the end reactions of the vertical frame members impose compressive loading

on the strut. With the assumption of no moment transfer, the horizontal j
member will then be proportioned for a dynamically-applied axial load of

brief duration, whose static representation is 1
Ndu = 36 qI (Ls + b/ 6 ) H (6-138)

where
Ndu = total axial load on horizontal member due to end

reaction of vertical frame members, lb
q, static uniformly-distributed loading which represents I

the effects of reflectel pressure loading on the blast-

resistant door, lb/in.

LS = width of door, ft

H = iu-'.rior height of blast-exclusion cubicle, ft
(As A1 the analysis of the vertical member, the door 1
loading is assumed to act over the distance H, ratherthan LL. )
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The required gross depth of the section is

SD -36 q, (Ls + b/6) H (6-139)
strut 0.85 fdc b"trut

where
Dstrut required gross depth of horizontal member, in.

bstrut width of horizontal member, in.

'dc =ultimate dynamic compressive strength of concrete,taken as 1. 25 fV and expressed in units of lb/in.
c

qI, Ls, H = as previously defined

In order to provide localized bending resistance. it is desirable

that Dstrut > bstrut. In addition, it will arbitrarily be specified that 0. 50

percent of reinforced steel is to be placed at the top and at the bottom faces

of the strut ( Et = 1.00).

The second case of intere3t arises when the end reactions of

the vertical framing members place tensile loading on the horizontal mem-

bers. For this tension case, it is suggested that the entire cross section

of the strut be axially prestressed so as to develop a uniform initial com-

pressive stress of 0. 45 f'I. The section could then support an axial tensile

loading of (0.45 f' + 3Vc') prior to concrete cracking, and could supportcc

an ultimate tensile loading of 0. 90 f' . Since elastic behavior is desirable
c

for the entire support frame, and since it is probable that some localized

bending moments will exist, a degree of conservatism is deliberately in-

cluded in the following design equations

T =0. 45f' D(a)
sp c strut

D s 36 q, (LS + b/6) H (b) (6-140)

s(0.45 f' + 3 ,11 ) bc b st rut

The expression for the required length of prestress strand, per

lineal ft of horizontal member, is very similar to that of Section 6. 3, as

expressed in Eq. (6-18). Lsp now represents the required length of pre-

stressing strand per urnit length of member rather than per unit area.
b T

sp

i lIT *ISEAICH INSTITUTE

6-89



where
b = width of prestressed member, in.

L s = required length of prestressing strand, ft per lineal ft
s of strut

T = effective prestressing force on the strut, lb per in. of
strut width (Eq. (6-140a))

F s= manufacturers recommended design load per prestressing
Fsp strand, lb (Table 2-7)

Alternatively, if so desired, the strut could be designed with

conventional reinforcing steel. Such a design would be comparable to the

e d = 0 case of the eccentrically-loaded element, as described for rectangular

cubicles in Section 6. 2 (Table 6-2 , typical results). The basic postulate,

in this general analysis of a member subjected to axial stress and bending,

is that all tensile axial loading is resisted by the conventional steel reinforce-

ment. This leads, for this particular application and loading condition, to

the following equation. 3600 q1 (L + b/6) H

= b ... (6-142)
Sfdy bstrut D strut

where
t = total area of tensile steel, expressed as a percentage

of the gross cross section area

This steel must bp distributed uniformly across the strut cross

section, and positive anchorage must be provided for it. In addition, some

minimum specifications for section dimensions and concrete strength are

obviously required. Lacking other information, it seems appropriate to

apply Eq. (6-138) for this purpose. The strut is then proportioned so that

the cuncrete will crack under the design loading. The strains in the strut

will not be compatible with those anticipated for the attached slab. For

these reasons, the design utilizing conventional reinforcement does not

appear to be particularly suitable.

2. Unit Cost

The unit costs per lineal ft for each vertical framing member can

be expressed as the sum of the cost of concrete (Ct), main reinforcement

(Cs, shear steel, if required (Cv) and formwork (Of).

C = bD X (6-143)
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SbD
Cs e 1 (6-144)

~bD

Cv= 900 0. 196 v + 0.347J (6-145)

(Eq. 3.33.27b)l

C[ = bI + 0.80 (b + D) (6-70)

Cf (b+ ) Xf (6-146)

Ct = C +C + C + Cf (6-147)
t c s v f

The unit costs per lineal ft of strut can be similarly expressed.

C b X (6- 148)
Cc=T4 c

Z~t b D

s = 4 - Xs (a)

(compression loading) (6-149)
•tbD

C b - Xs (b)

(tension loading and conventional
reinforcement, Eq. (6-142))

Csp =Lsp X (6-150)

(tension loading, prestressed
reinforcement of Eq. (6-141))

C= b + ZD ) Xf (6-151)

Ct =C+C s+Cp+f I )

6. 9. 3 Door Supports, Cylindrical Structure

1. Support Rings

(a) Design

Here the blast-resistant door, (Section 6. 7. 3), will consist

of a cylindrical-surface element. As with the flat slab door, it can be

fabricated either from prestressed concrete or from structural steel. It
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can be moved laterally in its channel guides (Section 6. 8) and.in its closed

position and under conditions of blast loading, will bear against two circular

support rings whose curved surfaces are parallel to the long (curved) edges

of the door.

Two design situations must be recognized, depending upon

the layout of the blast-exclusion cylinder and of its door support rings. If

the blast door is in an upstream location relative to the cylindrical blast-

exclusion structure, the cylinder is loaded in compression and the static

equivalent of the reflected pressure, q, lb per in. will act on the blast door

as a radial inwardly-directed loading of short duration. The support rings

are then placed within the cylinder, and the long curved LL edges of the

door will bear against them. This will impose a radial inwardly-directed

loading on each support ring, uniformly-distributed over a ring length

equal to the curved length LL (door height). It will be assumed that an

equilibrating reactive force is simultaneously mobilized over the far semi-

circle of each suppfrt ring.

The design situationfor this loading case, is that of a

circular ring under radial inwardly-directed compression, one component

of which is uniformly distributed over the curved length L L and the other

component of which is distributed uniformly over the length 1/Zf((SL + 2D)

where SL is theinterior principal diameter of the curved ring and D is the

ring depth in its plane of curvature (Note that SL(cylinder) - SL(ring) +

Z D(ring), according to this notation). As an approximation, in order to

avoid the explicit consideration of ring bending moments in this analysis,

it will be assumed that each cylindrical ring is subjected to a uniform radial

inwardly-directed loading ot magnitude 6 q, LS lb ?er in. where q, is the

static equivalent of the short-duration reflected preisure on the blast door

(lb per in. 2) and LS (ft) is the width of the blast door. At the same time,

the compression ring will be proportionedi so as to furnish appreciable

localized resistance to bending moments. Alsothe loading which the door

imposes along its LS Ovtpports will be examined for its localized effect on

the cylindrical shells. In so doing. consideration will be directed to that

portion of the cylindrical shell surface which is bounded by the two circular

support rings.
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Assuming that the support ring is a conventionally-reinforced

concrete beam of rectangular cross section, and neglecting any compressive

resistance which may be afforded by hoop reinforcement, the required

ring section for tho compressive loading case can be expressed approximately

as follows.

D 36q (L +b/6) [+D~rn) 36 q (La+b/6)
(ring) =0.85 b fdc L(ring) + =-0"8-5-d 7 SL(cylinder)( 6 "153 )

dc dc

where

D = gross depth of ring section in plane of ring curvature, in.

q, = static equivalent loading, uniformly-distributed and directed
radially-inward on the exterior surface of the ring, lb per in.
This equivalent loading represents the effect of the short-
duration reflected pressure loading on the blast door,

L - width of blast door, ftS
b width of concrete ring, measured in plane normal to that

of ring curvature, (in. ). In order to supplement locaLized
resistance to bending and torsional moments it is recom-
mended that b . D.

f d~c ultimate strength in compression of dynamically-loaded
concrete cylinder, lb per in. Z, taken as 1. 25 fV

"c
SL(ring) interior principaldiameter of ring, f,

SL(cylinder) = interior principal diameter of cylinder, ft

It is recommended that hoop reinforcement: 1, = 0. 50, be

distributed equally at each curved face, In addition. if considered appropriate,

the resistance of the ring to torsional moment can be investigated by as-

suming that the line loading 6 q, LS acts at the ring face (ring width b in.),

to produce a torsional moment Mt = 3 q, b Ls in -lb per in. The require-

ments for torsional reinforcement can then be investigated by Eq. (6-66).
200 Mt - 50 b2 D (f' )Z/3u

S. - 0.dc ("-66)

S) b f Ddy

where
100 A

6 b 6 S= + D
Vt I' [6L(rin) t(rinlg)]
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A = total cross sectional area of torsional reinforcement
S

in length 2 V (6 SL + D) and width b, measured normal
2

to plane surface of supporting ring. Units are in,
Note that an equal cross sectional area of longitudinal
steel will also be required.

It will also be assumed, for further generality, that the

support ring can be a curved structural-steel section, The design relation-

ship is then approximated by the following.

b b

A S L(ring) + = SL(cylinder)(6- 154)

where 2
A = required cross sectional area of steel member, in-

fdy = dynamic yield strength of structural steel, lb/in. 2
and all other terms are as defined in Eq. (6-153).

A second design situation will arise when the location of the

blast door, relative to the blast-exclusion cylinder: is downstream from

the advancing pressure front. The reflected pressure will then enter the

cylinder, placing it under a loading which is predominately tensile (Sec-

tions 6. 4. 2 and 6.4. 3) and thus imposing an outwardly-directed radial

loading on the blast door. For this situation, the circular support rings will

be installed on the outside of the cylinder and the curved edges of the door

will bear against their inner faces. By similar assumptions to those just

described for the compression-loading case: the rings will be assumed to

act in tension due to a uniform radial load of 6 q, LS acting on their inner

faces.

The requirements are such that a prestressed concrete ring

would be suitable. It will be assumed that the rings are rectangular in

cross section and are initially loaded by an effective prestressing force,

T lb per in. so that each section is uniformly stressed to 0, 45 f'V b per in.sp Cin compression. The required section area is then as follows

36 qi[SL(ring)LS + b/6)]D -n._ (6-155)

(0.45 f' + 3V/f) bc •c -
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where
D = gross depth of ring section in plane of ring curvature, in.

qI = static equivalent loading, uniformly-distributed and directed
radially outward on the exterior surface of the ring, lb per
in, 2 This equivalent loading represents the effect of the
short-duration reflected pressure loading on the blast door,

LS = width of blast door, ft

b = width of concrete ring, measured in plane normal to that
of ring curvature, (in.), In order to supplement localized
resistance to bending and torsional moments, it is recom-
mended that b s D.

fV = ultimate strength in compression of statically-loaded concrete,
c based on standard 28-day tests on cylindrical specimens.

lb per in. 2

Requirements for torsional moment resistance can be checked

by the procedure described for the compression ring. The reqouired length

of prestress strand per lineal ft of ring surface is given by

bT
L - sp (6-141)sp F sp

where
L = required length of prestressing strand. ft per lineal ft

sp of mean ring circumference

T = 0. 45 fI D = effective prestressing force per in. of width,
sp c lb per in,

F p manufacturer's recommended design load per prestressing
sp strand, lb (Table 2-7)

In the event that a structural steel tension ring is desired,

its design is almost identical with that of the steel compression ring.

36 qI[SL(fjng) (L + b/6)]A =S (ig (6- 156)
dy

(All terms are as described for Eq. (6-154))

(b) Unit Cost

The unit cost per lineal ft of reinforced-concrete compression

ring, total length ii' (SL(ring) + Dr. ) is as follows

c = bD X (6-157)
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C- 6 b4D X (6- 158)

Cv= -- b r + 0r , 80 (b + D) X (6-69)
v 1R74J'10 I 0(

C ( ) X (6-159)

Ct = Cc +Cs + Cvt + Cf (6-160)

The unit cost per lineal ft of structural steel compression

ring is

Ct = Cs = w Xs (6-161)

where
w = unit weight, lb per it

The unit cost per lineal ft of prestressed-concrete tension

ring is as follows.

C = -D-D- X (6-157)c 144- c

Csp = LSP Xp (6-162)

Cf = ( b--D Xf (6-159)

Ct =Cc +Csp Cf (6-163)

The unit cost per lineal ft of structural steel t, nsion ring

is

Ct = Cs - w Xs (6-161)

2. Beam Members Between Support Rinjs

(a) PDsign

The blast-door openings in the shell surface of a cylindrical

blast-exclusion structure are,. insofar as the shell equilibrium forces and

strains are concerned, lc.,;alized discontinuities in the shell surface There-

fore, it becomes advantageous to supply some framing arrangement which

can transmit shell equilibrium forces around each opening The type of

door which is contemplated, (Section 6 7 3). is itself an element of a

cylindrical surface. The door, as visualized. is rectangular in plan, with
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long curved edges LL (ft) and with a transverse span of LS (ft). Let us

consider the effect produced by a rectangular opening of these dimensions

in a loaded cylindrical shell.

Consider a radial section of the cylinder, taken at any point

within that region which is defined by the length L . The length L L of the

door opening can then be considered as subtending a central angle, 2 YOf

where 8 [ L The primary loading on the cylindricalwheeYo =-' s L T MIT- I"

s he 1i -i s radial, uniformly distributed, and either inwardly-directed (com-

pressive cylinder) or outwardly-directed (tension cylinder). In addition,

the loading on the blast door could result in a vertical line loading along

the shell length LS. It can be reasoned that the stiffening effect of the

circular door-support rings along the LL edges will be sufficient to reduce

any loading on the LS edges to a minor quantity.

In greatly-simplified form, we will postulate that the primary

requirement of the opening support frame is to transfer shell equilibrium

forces (and,by inference, compatible shell strains) across an opening of arc

length L L ft), assuming that the shell is loaded solely by a radial loading
2

whose magnitude is q lb per in. The loading on the transverse frame

member of length LS, acting in the plane of the support ring, is thus

qshell64)qframe =tan-fo b614

where
= unit load acting on those fr-iming members which

parallel the long axis of the cylinder, lb per in. 2

qshell = net equivalent loading on cylindrical shell surface
due to earth-transmitted pressure and/or reflected
pressure, lb per in. 2

lBA LL 110 = - + D/6
SL = interior principal diameter of cylinder, ft

LtL length of curved edge (long dimension) of blast-door,
taken as an approximation of the length of the door
opening in this analysis. ft

LS= width of blast door (short dimension), taken as an
approximation of the width of door opening in this
analysis, ft
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D = gross thickness of shell cross se1o'. ir.

b = width of frame member. meas%.red normal 6-o the
line of action oi qshelV in,

The framing member under consideration wil. be assuimed

to extend between the two circalar door-support rings: and to be fixed at

these connections. On this basis, it can be designeed in the same manner

as the vertical framing member foc the cubicle doorwaý, Section 6.9.2.

Equation (6-136), which expresses the reindorced-coucrete rectangular

section requirements for balanced strengths in both flexural and shearing

modes, can thus be rewritten in a suitable forr., For q, Z q and 0' 0.25,

the required percentage of tensile steeA at the fixed ends of the members is

given by Eq. (6-135).

[1045 40. 02096 fd, 1 2•efy" (6-135)

e [ ~ c
qf =" qc

' --- 0.25

L 6 4LSqEs qEd' 6 SL +Dshell 1
(a) d - 3.4 0 .---- fd

k v cdv1 c

(compression 'Loading or. CyTlnder) (6-165)

F 3 6, 4 L] L f GEa~S 1/2

te~n~ion loading on cyvlinder)

where :- reqired are;t of •en, or. reiriorzing steel at end of

framing mernber., •xp, ssed a~ perce~ntages o: net arez,
bd. of member

ci : requiired ef±e,:::ive depth of :•.nforzed ,.orcrete flex'aral
membex ldep'.h of ter.iarn steel), in.

b -width of fle~cjral ,membeit, ir.
4e 7re3. of snaz re,.nfor,-:ing steel avtrenti• •frr'JP

V expressa d as a pem.en, te. of cht. scetioages olý ne are

bd.x oraf member

a ' ultmimt comp e b'V 've teprth of f odced co'r.crete:
C mb/imb. I based or. ,d,.d 28teAriv tInts s. ctlnr:cat

spex meies
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qEs = radial inwardly-directed equivalent static loading
acting on a buried cylinder due to conventional dead
loads, lb per in. 2 (Section 6. 3. 1)

qEd = radial inwardly-directed equivalent static loading
acting on a buried cylinder to earth-transmitted
overpressure, lb per in. 2

qI = radial outwardly-directed equivalent sLatic loading
acting within a buried cylinder due to reflected
pressure within the structure, lb per in. 2

For purposes of this study, it will be assumed without further

investigation that the equilibrating fcorces in the circumferential 'W direction,

due to the end reactions of the framing members just analyzed, can be

accommodated by the circular door-support rings to which they connect. It

is recognized that the presence of these framing members and rings will

produce strain discontinuities which will affect idealized shell action, un-

doubtedly leading to bending moments in the adjacent shell surfaces. These

stresses should be localized, andywhile of significance in design, they are

not expected to have any large effect on - t•ructural costs.

A structural steel framing member would be required in the

event that this material is used for the door-support rings. Again, consider

a beam of length LS (ft), which is fixed at the support rings, and restrict

the behavior of the beam to the elastic range for structural steel under

dynamically-applied loading. We obtain the following equation.

12 (q + q L 2

(compression loading on cylinder) (6-166)

12 (q - qEs - q Ed) L(
f fy (b)

(tension loading on cylinder)
where D 3

S 7 T = required elastic section modulus of steel beam, in.

D gross depth of steel beam. in.

I = moment of inertia of steel beam about transverse bending
axis, normal to direction of loading, in. 4
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LS = width of blast door, ft

(qI qEs, qEd' 'dy : o as earlier defined).

(b) Unit Cost

The unit costs per lineal ft of reinforced-concrete beam

are b D
C c PT Xc (6-167)

SbD
e X (6-168)

SbD
C --- 0-.-- [o.1966 +0,347] X (6-169)

b + D Xf (6-170)

C C +C+C +C(61)
t c s v f (6171)

The unit cost per lineal ft of steel beam is

Ct = Cs = w Xs (6-172)

6. 9. 4 Circular Slab, Spherical Structure

1. Design

As noted in Section 6. 9. 1, the blast-door support structure for

the spherical blast exclusion differs in concept from ti. : 7 - ,:cred

for the cubicle and spherical configurations. In these latter cases, the

edge loading imposed by the blast door was transferred as a bending load

to its support structure. As clarification to this statement, it should be

recognized that we were able to ignore bending moments in the analysis of
the circular support ring by reasoning that the composite loading approached

a uniform radial-load condition. In the analysis of the door-support system

for the sphere, the support frame.merely provides a boundary condition

for equilibrium forces in the shell. Accordingly. blast-door loading is

transferred through the support ring to the shell itself. This condition was

recognized in the analysis of the sphere and its support rings (Sections 6. 5

and 6. 6) and there remains only the matter of transferring door loads to

the support ring.
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The support ring was assumed to be circular in plan (Section 6. 6)

and to be subjected to a vertical uniform line load, PL' which is attributable

to the blast door loading. Since we wish to avoid inclined reactive forces

and/or moment transfer at the support ring, we shall consider a simply-

supported slab, circular in plan, which contains an opening for the blast

door. This opening is asymmetrical with respect to the slab center, and

removes a large portion of the slab area.

A simplified analysis for this situatio-.i, suitable for use in this

generalized investigation, does not appear to "e available. We can reason

that it would be desirable for the slab to approximate a rigid disk. This

could be accomplished by increasing the disk depth and holding reinforcement

to some reasonable value. Alternatively, and perhaps preferably, the disk

could be circumferentially prestressed. Current experimental investigations

suggest that such a procedure, in addition to reducing deflections,' can effect

a substantial increase in shearing resistance.

As a very crude approximation, we will analyze the disk require-

ments by considering a simply-supported concrete slab, circular in plan, with

two-way isotropic reinforced.1 This slab, whose maximum span is SL(ring), s
2

subjected-to a unifortn loading q lb per in. On this basis, for qf = qsc and
1,5

with 9' taken as 0.25, we obtain the following.

c 289 +- 00572 v fd f, (6-173)
cIfdy I c

Equal percentages of steel will be provided, top and bottom, in

the LL and LL doorway directions. We will assume, lor costing purposes,

that these s:eel percentages remain constant. Additional corner reinforce-

ment will also be required in the vicinity of the opening. The required

effective depth of slab is as follows

d2= 258SL q I fd (6-174)
389 ~0 .0 0 5 7 2 6 0 f JLf J

where
Ac a maximum requirement for area of tensile reinforcement

expressed as a percentage of the net section area
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4v = maximum requirement for area of shear reinforcement

vertical stirrups assumed, expressed as a percentage

of the net section area

d = required effective depth of slab, in.

SL = interior principal diameter of support rings of Section 6.6
(ft)

f = dynamic yield strength of reinforcing steel, lb/in. 2

V = ultimate compressive strength of concrete, lb/inc
q, = static equivalent, uniformly-distributed, of reflected

pressure loading on area enclosed within support ring.
lb/in. 2

2. Unit Cost

The unit costs per sq ft of slab, as expressed herein, are applic-

able to a total area A, where A is given by Eq. (6-175).

A if~ S 2  -L xL 1(6-175)
slab L(ring) I S(slab) x L(slab) I

2 bDCcJ= 4e Xc (6-176)

cs44L-)•-- x 5 44%-6•j x(6-177)
SD

C I X (6-178)
v 200O a

Cf = Xf (6-179)

Ct = C +C +C +Cf (6-180)

CT =Ct Aslab (6-181)
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CHAPTER 7

STRUCTURAL DESIGN OF ENTRANCEWAYS
FOR 100-5CO-ICO0 MAN SHELTERS

7. 1 INTRODUCTION

Chapter 6 supplies the general data required to design and cost

entranceway structural elements. In order to evaluate structural costs for

entire entrance systems, these elements must be utilized in actual shelter

designs. Understandably, there are myriad ways in which structural ele-

ments of different materials can be combined to form a complete structure.

Fortunately, the findings of other investigations 1 ' ,23,4 supply some guidance

as to the required configurations and layouts for entrance systems at selec-

ted overpressure levels.

From the results of these earlier studies, and from cost and analyti-

cal relationships developed in this report, representative entranceway con-

figurations and material combinations can be selected for detailed study.

The paramount consideration in making these selections is minimum struc-

tural cost for the total entrance, while utilizing only those construction

materials and methods which lend themselves to a mass shelter construction

program. The entranceways are designed as 1, 2 and 4 traffic lane models.

By using the criteria presented in Chapter 3, the required number of traf-

fic lanes can be related to the shelter capacity.

Mary of the entrance costs presented in this chapter are based on

theoretical requirements for material quantities, using the design relation-

ships established in Chapter 6. In practical situations, it can be expected

that limitations in size and material availability will dictate substitutions

or slight revisions i4 the material quantities and result in minor cost in-

creases. While the conceptual designs presented in this chapter are not the

only feasible possibilities, they do use all the basic structural elements as

developed in Chapter 6 in what is generally accepted as their most efficient

employment For this reason, it is felt that other arrangements of these

basic structural elements would not lead to any significant reduction in the

cost of blast-resistant entrancewaV systems. In particular, the layouts pre-

sented are typical of the various types btudied in the preparation of this
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report Optimum entranceway configurations for particular traffic lane

capacities and selected overpressure levels are discussed in Chapter 8.

7, 2 DESIGN CONFIGURATIONS

7 2. 1 Discussion

The design configurations considered in this study fall into two broad

categories, blast-resistant and nonblast-resistant structures. The blast-

resistant entranceways are designed to withstand both air and ground pressure

loading upstream from the blast door, as well as ground pressure loading

between the blast door and the shelter It is assumed in design that any

structural damage, short of collapse, will be sufficiently restricted so that

the blast door remains operable after the attack The entrance structure is

thus available for entrance before the attack and for exit following the attack.

Tn addition, as noted in Chapter 1, a supplementary exit will be provided in

all cases. By inference, the blast-resistant entranceway structure will

have a multi-attack capability

The nonblast-resistant entrance structure is designed to withstand

only nominal (10 psi) earth loading upstream from tbh blast door Conse-

quently, this portion of the structure is expected to collapse as a result of
blast action Between the blast door and the shelter, however, the entrance-

way is designed to withstand the blast-induced ground pressure loading This

nonblast-resistant entranceway structure will be available for entrance only,

and will not have a multi-attack capability. A separate exit thus becomes

an essential feature for this design option

7 2. 2 Blast-Resistant Structures

A number of design concepts have beer examined in this category

For comparative purposes, all designs consider the same four basic section

types The first of these is a surface transition section consisting of an

open V-shaped ct whose 2.I side slopes are stabilized by a 3 in bituminous

or concrete surface treatment. The bottom of this cut contains a concrete

stairway, whiLh provides for some change in elevation and thus permits

belo% -grade burial of the other three structural sections
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The form of the depth transition section is dependent onthe design

loading and required traffic capacity. It can consist of a reinforced concrete

cubicle, a prestressed concrete cylinder, or a steel cylinder. This transi-

tion section contains the second set of concrete steps, which are intended to

provide the major change in 3levation. The length-to-width ratio of the

transition section is sufficient to develop the "tunnel effect" reduction of

peak free-field overpressures;as discussed in Chapter 4.

The blast exclusion sectionswhich can have varying configurations,

will provide the support for the blast door. They serve to separate the

upstream portion of the entrance structure, which is designed to carry

both interior air blast and exterior ground :oading, from the downstream

portibn which receives only ground loading. In some instances, limited

additional depth transition capability is available in this section.

The fourth type consists of two right-angle radiation attenuation

sections (RI) and (R 2 ). Again, depending on design loads and traffic capa-
city, these sections are either cubiclei or cylinders of reinforced concrete.
Two such sections are considered to be the minimum number for the efficient

attenuation o f radiation streaming. Any further requirements for radiation

attenuation will then be satisfied by barrier shielding placed in either of the

radiation sections or in the shelter proper.

1. Compression Sphere Blast Section

The compression sphere design is pictured in Fig. 7-I. This

shows a cylindrical depth transition section which leads from the open cut

(ground level opening) to a compression sphere which supports the blast

door. The transition section is connected to this blast section by a flexible

mild steel plate, which maintains full structural continuity. At the same
time, the :onnection will permit relative displacements between the transi-

tion and blast sections, during blast buffeting, without inducing additional

stresses in the structural elements.

In addition to the spherical shell itself, the spherical blast
section will include an entrance ring, a blast door support slab. and an exit

ring. The concrete support slab is designed as a simply supported two-way

isotropic slab, and will supply bearing for the cylindrical-shell blast docr.
i1t RISIARCM iNS1t1UTl
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The entrance ring, in turn, provides support for the blast slab and is as-

sum ed to transmit these loads to the spherical shell as axial thrusts. The

exit ring is designed to carry the shell boundary stresses at the intersection

of the radiation and blast sections. The compression sphere permits a

90 deg horizontal angle change and also allows considerable change in eleva-

tion.

Advantages - This configuration is suited for use in high overpres-

sure regions where the two-way membrane action of the thin spherical shell

can be employed effectively. The spherical shape lends itself to the simple

inclusion of an interlock system by adding a second blast door at the exit port.

"Disadvantages - The requirements for a relatively large cross

section will restrict the feasible traffic design capacities of an entranceway

using a spherical element. Costs are appreciably higher for this layout in

the low and middle pressure ranges. In the multiple lane designs, a blast

door sleeve or flared transition element is required to accommodate the

blast door in its open position.

2. Tension Cylinder Blast Section

The layout shown in Fig 7-2 employs a steel or prestressed

concrete transition element which is rigidly connected to a horizontal in-line

cylindrical blast section. The blast door, which is also a segment of a

cylindrical shell, is positioned in the side of the blast cylinder and is sup-

ported on its curved sides by two stiff tension rings. These rings are con-

structured integrally with the cylindrical shell of the blast section. Shell

boundary stresses at this opening are resisted by two horizontal beam mem-

bers which run parallel to the long axis of the cylinder and frame into the

tension rings. The downstream portion of the cylindrical blast section con-

sists of a flexible ,'Aeel spherical cap which is supported by a rolled steel

slip-ring This cap is designed to displace under interior pressure loading

without stressing the blast cylinder.

"), Advantages - The blast door is located inside the blast section

structure, thu6 no sleeve or flaring of the transition element is required to

accommodate the door in its open position. The crushable end cap; and the

additional lengths of the transition and blast sections should contribute to
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the dissipation of the reflected blast wave, and thus reduce interior loading

on the blast section.

* Disadvantages - Both the transition section and the blast section

must be designed to resist interior pressures. This tensile loading will

require that either a curved steel plate or a thick prestressed concrete

cylinder element be used for both sections. As a result, high costs can be

expected when the design overpressure is large. In addition, this blast

section design does not possess any significant capability for a change in

elevation.

3. Compression Cylinder Blast Section

This blast section has a capacity for limited changes in elevation.

As shown in Fig. 7-3, the cylindrical section connects at a 90 deg horizontal

angle with the transition section. As in the case of the compression sphere,

struc t -_ral continuity between the transition and the blast sections is main-

tained by a flexible mild steel expansion plate. The blast cylinder is con-

structed of reinforced concrete and has a monolithically-poured concrete

dome enclosing its upstream end. Its downstream end will phase directly

into the first radiation section. The blast door is again a cylindrical shell

segment, and is supported on the outer surface of the blast cylinder by two

compression rings which are poured integral with the blast cylinder shell.

Two horizontal beam members carry shell boundary stress across the door

opening and frame into the compression ring.

* Advantages - This concept utilizes concrete in compression for

maximum economy in the design of the blast section. In the middle and high

design pressure ranges, this design tends to be the most economical.

* Disadvantages - The positioning of the blast door on the outside

of the blast cylinder requires a blast door sleeve or flared transition ele-

ment for use with multiple lane designs.

4. Tension Cubicle Blast Section

This reinforced concrete design duplicates the basic features of

the tension cylinder, but is somewhat more economical in the lower pressure

range. Its basic layout is illustratted in Fig. 7-4. The wall, roof and floor

elements of the cubicle blast section are designed as tension-loaded members
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which are also subjected to end moments. The primary loading is induced

by interior pressure as the blast wave enters the section. The cubicle

elements are also designed to carry the axial and bending loads, reversed

in sign and significantly reduced in magnitudes, which are induced either

by a negative pressure phase or by the ground-transmitted pressure load

on the cubicle exterior. The blast door slab is supported by two bending

members, which are either vertical or horizontal, depending on doorway

height-to-width ratios as measured in the plane containing the door slab.

The loads on these beams are then distributed to the cubicle walls by means

of reinforced concrete tension struts. These struts are placed in the roof

and floor slabs and run perpendicular t o the blast door plane. The upstream

end element of the blast section is designed to carry the same loading as

the wall elements.

* Advantages - This design allows greatly simplified forming and

conventional construction techniques. In addition, the waste intericr volume

which is inherent in shell designs is eliminated. The cubicle structure

leads to the most economical design in the low pressure range.

* Disadvantage - The design is economically feasible in the low

and middle pressure ranges only.

7. 2.3 Nonblast-Resistant Structures

Two nonblast-resistant entranceway systems are considered in

detail. While these will contain the same four basic sections which have

been described for thi- blast-resistant systems, the transition and radiation

sections are now designed for only a nominal external loading (qE : IC psi,

which is equivalent to approximately 12-14 ft of soil overburden). The

actual cover d-!pths for the entranceway will vary from 3 to 13 ft. It is thu.,

apparent that no appreciable factor of safety against static earth loads is

included in thv de.signs for the higher pressure ranges. Subsequent modi-

!ications rniyv bt- rcquired to introduce working load safety factors into the

dvsign. but 'h,., arc tiot expected to have any significant eftect on the cost

factor, which ar, presented ior the 10 psi level. Any redesign which may

thus be :nvol%-ed Is left as a future task for the final design stage.
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Complete collapse of any entranceway sections which are designed

for this nominal 10 psi resistance is expected to occur as a result of blast

loading. The cost-saving features of this design, understandably, are

greater in the higher pressure ranges. In addition to this economic factor,

it is felt that the collapsing upstream structure will absorb blast energy and

thus reduce the air pressure loading on the blast section. The collapsed

structure will effectively shield the blast section from any subsequent air

pressure loading, as in the case of a multiweapon attack, and will inhibit

the streaming of fallout radiation through the entranceway.

1. Compression Cylinder or Cubicle

This debign concept is shown in Fig. 7-5. The sections upstream

from the blast section~as illustratedare compression cubicles which are

designed for 10 psi static equivalent pressure. The use of the cylindrical

versus the cubicle blast section is purely a question of economics, which in

turn is a function of the design pressure. The elements of the cylindrical

or cubicle blast section are the same as those described hi, Section 7. 2. 1.

2. Compression Sphere

The nonblast-resistant structural system illustrated in Fig. 7-6

is particularly applicable to high pressure loading. As in the preceding

case, the upstream entranceway structure is composed of cylinders or cubicles

which are designed for 10 psi loading. The details of the compression sphere

blast section are discussed in Section 7. 2. 1.

7.3 INPUT PARAMETERS FOR ENTRANCEWAY DESIGNS

7.3. 1 Dimensional Elements

Chapter 3 lists the specific values which define traffic lane dimen-

sions. In addition, Chapter 4 defines limiting ratios of cross section to

length which are associated with blast attenuation in tunnels. Table 7-1

summarizes dimensional iimitations which are necessary a a input para-

meters to the sample design problems.
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The entranceway designs presented in this chapter are developed

for specific optimum shelter configurations, as determined in other

studies. 1,2 Table 7-2 presents features of these optimum shelters which

are pertinent to the layout and radiation design of their associated entrance-

way structures.

Table 7-2

PARAMETERS OF OPTIMUM SHELTERS WHICH ARE PERTINENT
TO ENTRANCEWAY DESIGN

Effective

Static Depth Depth
Equivalent to of
Design Entrance Earth
Pressure ,.• Length Width Level Cover

Capacity (psi) Type (ft) (ft) (ft) (it)

IC 1 St. Cubicle 40 23 12. 1 3. 5

50 1 St Cubicle 30 30 13. 3 4.5
100 100 1 St. Cubicle 30 30 15.0 5.5

Man 200 1 St. Cylinder 65 1r, 17.8 7.5

325 1 St. Cylinder 65 15 20.3 10.0

10 i St. Cubicle 74 60 12 1 3.5

50 1 St. Cubicle 74 60 13 3 4.5
500 100 2 St C,1inder 155 20 14 5 5.5

Man 200 2 St. Cylinder 155 20 16. 5 7.5

325 2 St. Cylinder 155 20 19.0 10.0

10 1 St. Cubicle 111 78 12. 1 3.5

s0 1 St. Cubicle 96 90 13. 3 4. 3
1000 100 2 St. Cylinder 289 20 14.5 5. 5

Man 200 2 St. Cylinder 289 20 16 5 7. 5

325 2 St Cylinder 289 20 19. 0 10.0

Note: The 10 psi level shelters are structural steel frames. All other

shelters consist of reinforced concrete construction. "St." refers

to "Pttory
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7. 3. 2 Static Design Equivalent of Dynamic Blast Pressure

The relationship between dynamic pressures and static equivalent

loads is explained in detail in Chapter 4. Entranceway trial designs will be

developed in this chapter and, if they are to be compatible with the cor-

responding optimum shelter designs, they must be investigated for the

same levels of static equivalent loading. Consequently, the dynamic pres-

sure range of interest (10-200 psi) will be explored by examining five speci-

fic levels of static equivalent loading (10, 50, 100, 200, and 3Z5 psi). These

static equivalent design pressures qE can be related to values of the peak

overpressure pso by means of the postulated structural ductility ratio

and the plotted data of Fig. 4-1. In similar fashion, the design static

loading qI for interior pressures can be related to the peak intensity of the

tunnel reflected pressure pri by Eq. (4-4) and Fig. 4-2. For an infinite-

duration loadiihg and assuming/A = 1 3, Fig. 4-1 indicates that ps/qE=0.625.

Table 7-3

RELATIONSHIPS BETWEEN VALUES OF STATIC EQUIVALENT
LOAD AND LONG-DURATION DYNAMIC LOAD(A = 1.3)

Static Equivalent Ground-Transmitted Pressure
External Load or Peak Overpressure, psi

Form of Loading (qE), psi (Pso/qE = 0.625)

Ground-t ranssmitted pres- 10 7
sures or free-field peak 50 32
overpressure 100 65

200 125
325 200

The static equivalent, q, of the internal tunnel pressure loading, Pri' must

also be determined. As a first step, the design value of pso is reduced by

the tunnel effect (Fig. 4-2). This gives the value pto, which can then be

substituted into Eq. (4-4) to obtain the peak intensity of the interior reflected

tunnel pressure, prl' We will again refer to Fig. 4-1, but will now assume

that the ratio of the duration of pri to the natural period of the loaded ele-

ment is ; 1.0, Thus, with1 / 1. 3, we find that p/q1 = 0. 77. The various

pressure relationships are finally summarized in Table 7-4.

lIT RESEARCH INSTITUTE

7-16



Table 7-4

STATIC EQUIVALENT DESIGN PRESSURES

Static Equivalent (psi) Dynamic Reduced

External Internal Peak Loading Reflected
Load Load Overpressure (psi) Pressure
qE q IPso Pto Pri

10 22 7 7 16.7

5C 103 32 25 79.4

100 237 65 47 182.3

200 480 125 80 369.0

325 772 20C 115 594.0

Conversion figures and equations are supplied in Chapter 4 for the more

usual case where pso is known. A solution for qE and q, for a particular

value of ,A is then desired.

7. 3. 3 Tension Cubicle Design and Cost Factors

The analysis and design of cubicles which are subjected to outwardly-

directed reflected pressures on their interior faces are discussed in Section

6. 2. 1 and summarized in Eq. (6-1) and (6-2). Computer solutions of these

equations are presented in Table 6-2 (a). In general, their particular

solutions are functions of the six paramecers, q, fd ' 6 16R) 6 and D.

However, for the cubicle sizes and range of pressures which are considered

herein, solutions of Eq. (o-l) and (6-2) can be expressed more simply as a

function of the three parameters q, 6R and D. These solutions are presented

in Fig. 7-7 andusing this figure, values of D and R can be determined from
R

Section 6. 2. 2.

7. 3. 4 Compression Cubicle Design and Cost Factors

The solutions of Eq. (6-1) and (6-2) for cubicles which are subjected

to inwardly-directed pressures on their exterior faces cannot be expressed

in such a simple form, since all six design parameters remain active. Com-

puter solutions f I the specific overpressures and cubicle sizes considered

in this study are presented ,-t Table 7-5. Unit costs and comparison with
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comparable cylindrical design are presented therein for a finite number

of design conditions.

7. 3. 5 Supplemental or Emergency Exits

Supplemental or emergency exits as described in Section 2 8. 4are
deemed necessary for all shelters, whether serviced by blast or by non-

blast resistant entranceways, A minimum of one supplemental exit will

be supplied, regardless of entranceway type or shelter capacity, For those
shelters which employ nonblast-resistant entranceways, the number of sup-
plemental exits will be taken as equal to the number of entranceway traffic

lanes. Shelters which use blast-resistant entranceways with capacities >
500 people will be provided with two supplemental exit structures

lIT RESEARCH INSTITUTE
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7.4 BLAST -RESISTANT ENTRANCEWAY DESIGN

7. 4. 1 Compression Sphere (Sample Analysis and Cost Evaluation)

TRIAL DESIGN 7.4. 1-325 Al

CONFIGURATION

One story sphere and cylinder (Fig. 7-8)

STRUCTURAL SYSTEM AND INPUT PARAMETERS (Fig. 7-1)

Transition Section -

M•,terial. Prestressed concrete cylinder

Orientation: Makes -,39 deg angle with horizontal plane and
is perpendicular to the long axis of the shelter

Dimension: I. D. 7 ft-6 in. ; length 13 ft-0 in. ; change in eleva-
tion between entrance and exit 8 ft-3 1/2 in.

Primary Design Load: qI = 772 psi; qEd = 325 psi

Blast Section -

Material: Reinforced concrete sphere

Dimension- I. D. 13 ft-0 in. change in elevation between
entrance and exit 4 ft-6 in.

Primary Design Load: qI = 772 psi; qEd = 325 psi

Radiation Section - (R1 )

Material: Reinforced concrete cylinder

Orientation. ,-- Horizontal, parallel to long axis of shelter

Dimension: I. D. 7 ft-6 in.; length - 15 ft-0 in. ; change in
elevation between entrance and exit I ft-6 in.

Primary Design Load: qEd z 325 psi

Radiation Section - (R 2 )

Material- Reinforced concrete cylinder

Orientation. Horizontal, perpendicular to long axis of shelter

Dimension: I. D. 7 ft-6 in. ; length 15 ft-0 in. ; change in eleva-
tion between entrance and exit 1 ft-6 in.

Primary Design Load: qEd = 325 psi

Not,-: The dimensions of the two radiation sections are preliminary,
and may require subsequent modification due to radiation
design requirements.

Shelter -

Capicity 100 Man (Table 7-2)

Primary Design Load: qd 325 psi

liT RESEARCH INSTITUTE
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1, Blast Analysis

(a) Transition Section:

Design of cylindrical shell, prestressed concrete

Take D = 7. 0 in. ;

ff = 6000 psi
c

6 SL 45.064<100

- 7.0

Requires thick-wall analysis as outlined in Section 6 3 From Eq. (6-15)

qEp.< 0. 225 Vf' I - qEs (6-15)
c SL+ D"

Taking qEs " 0 requires that

q-.<0. 2 25x [ 337 psi

From Eq. (6-13)

q~p> • I + q 1-.5(613E ý D_ " S + -Es qEd (-3

~ - 7(1 + 0. 75) - i.5VZ6-0 (1 ( 0. 75) -325

337 >(675 - 29. 3 - 325) = 320. 7 .' OK

From Eq. (6-17)
S(SL D/ 6 )2" S 2

cE o5 (Su[ + D/ 6)2+S "] (6-17)

qF>O85x6 0 0 0 f8.66z - 7.52 -325

p >08 x000 8.66 + 7 52

337 < 407 OK

Use D 7. 0 in.

As a result of this analysis, a range of values 320. 7<qEp<

337. 0 is seen to be adequate for design. The upper limit of qEp = 337 psi

IIT RESEARCH INSTITUTE
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will be used as the design parameter, since this will tend to reduce the

tensile stresses in the shell during interior blast loading.

From Eq. (6-16) the effective prestressing force can be

determined

Tsp = (6 SL + D) qEp (6-16)

Tsp = (45.0 + 7. 0) = 17, 500 lb/in.

Assuming a 1/2 in 6 K 270 prestressing steel strand from

Table 2-7, Fsp = 23, 150 lb/strand

= s
Lp F(6-18)

sp

L 12 x 17, 500=91 ft/sq ft of shell
sp 23, 150

(b) Cost Factors for Cylindrical Shell, Prestressed Concrete

From Section 6. 22

Concrete D
c 12 c

7.0

C =L'0 x 1 30 = 0.76 $/sq ftc 12

Reinforcing Steel D

Cs - 1200-Xs (6-20)

C =. 6 x85.8 = 0.30 $/sqft

Prestressing Steel

C TL X (6-21)sp sp p

C = 9. 1 x 0. 19 = 1.73 $/sq ft

F, rmi
Cf =Xf (-2

f f (6 -ZZ)

Cf =1 40 $/sq ft

Protective Coating
C =X

9 g (6-23)
Cg = 0 30 $/sq ft
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Summary C +C +C +Cf+C (6-24)
t c s sp £ g

C + 0. 76 + 0 30 + 1.73 + 1.40 + 0.30 = 4.49 $/sq ftt

(c) Blast Section: Design of Entrance Support Ring (No. 1)

The inside diameter of the entrance ring is a function of the

blast door layout, As shown in Fig. 7-9, the minimum inside support ring

diameter for the one lane entranceway structure is 4 ft-0 in. Ia this

design case, the blast door in both its open and its closed position can be

contained entirely within the transition section. Some flaring of the 7 ft-6

in. diameter radius cylindrical shell will then be required to accommodate

the corners of the blast door. We will assume that the entrance support

ring has a thickness b = 13. 0 in. and a depth D = 18.0 in, The maximum

compressioit stress in the ring is then determined from Eq. (6-63).

( 2 PLlI (S + D/6)
btani 0 1  L(6-63)

ft - S+D/6) 2 (Sz

L

where
PL-' = 3 qI SL sin bO01  (7-1)

In this instance
SL (transition section)sin )601= L -(blast sectioo)(7)

01 13.0 .576

P L = 3 x 772 x 13.0 x 0. 576 = 17, 320 lb/in.

As used in Eq. (6-63), tan )ý0 should be referenced to the

center line of the entrance ring

(SL + b/12) (entrance ring)

tan (bl~~~ast sphere) - (S L+ b/ 12)2 (entrance ring)]1/
(7-3)

t 9.083 :0. 887
(169 - 9 083)1/ 2
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From Eq. (6-63)

- Zx 17,320 + 2
ft 113.0 x0.887 j ( = -- 6370 psi

(8. 0-r3. 0) 8.0

The limiting value of ft(max) is obtained from Eq. (6-64)

"it (max) =0 85 fc (6-64)

"-ft(max) 6375 > 6370 OK

., Use b = 13.0 in. ; D = 18.0 in.

Assume a reversed loading magnitude of 25 percent of the primary loading.

From Eq. (6-65)
25 PLI (6 SL + D)

.t b ) fdy tan "V0l (6-65)

t 25 x 17, 320 (6 x 8.0 + 18.0) = 1.85 percent

t 13.0 x 18.0 x 75,000 x 0.887

The torsional moment is assumed as

Mt =P (7-4)
t Li 2

13.0
Mt - 17,320 x Z - 112, 500 in-lb

From Eq (6-66)

200 Mt - 50 b2 D (f'c)Z/3
S-d(6-66)

vt b Dfdy

(200 x 112. 500) - (50 x 169 x 18. 0 x 75002/3)

vt 1- x 1.0 x 75, 00060

Since the numerator is a negative quantity. no torsion steel is required.

(d) Cost Factors for Entrance Ring

Concrete X bD X (6-67)

c -T4-T c

S130 x 180Cc : " 4--'"-- ... X 1. ;0 = 2, 11 Slft
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Steel 6t b D

s 14,40 X (6-68)

C A. 85x 13.0x 18.0 x 100.5 3.02$/ft

s 14,400

Tie Steel
b D X

C te S (6-69)st 14,400

c 0.2 x 13. 0x 18.0
Cst 14,400 =85. 8 0.28$/ft

FormsC ) Xf 
(6-71)

Gf= (1 6+1 1.00 = 5. 17 $/ft

Summary

Ct = c + Cs + Cst + Cvt + cf (6-72)

Ct = 2. 11 + 3.02 + 0. 28 + 0.00 + 5. 17 = 10. 58 b/ft

(e) Design of Spherical Sheil, Reinforced Concrete

The design procedures for spherical shells are outlined

in Section 6.5: 1.

AFsume D = 4. 00 in.; fdc = 7500 psi, fdy = 60, 000 psi

The quantity
PLl 17,320 5- -53,4

q 325

The quantity

(3 SL +,D/2) = 39. 0 + 2.0 = 41.0

thus L LI> (3 S + D/2)
q L

.. Use Eq. (6-43) to determine D of shellmax

D= L (-7(0.85 -!dc + 0' 0 0 5 7 dy) sin (6-47)
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In this case, sin y01 is a function of the outside face of the entrance ring

diameter.
(SL + b/6) (entrance ring)

sin )o0 SL - (blast section) (7-5)

(8.0 + 2.167) = 0.782sin Vol -- 1'3.0

17,320

(=0.85 x 7500 + 0.005 x 60,000) = 3.34 in.

.'.Use D = 4. 00 in.

From Eq. (6-42), the maximum requirement for tensile steel is

= I PL/sin YO1 ) - qE (6 SL + D) (6-46)
•tL(max) 0.01

17,320 325 ((6 x 13) + 4.0) = -0.75
tL(max) 0.01 fay x o. 782 0- . 0O1 f-y

The negative result indicates that there is no tension in the

shell and thus no tensile steel requirement.

(f) Cost Factors for Spherical Shell, Reinforced Concrete

D
c =- X (6-50)

C =- x 1.30 = 0.44 $/sqft
c 12

Since there is no requirement for tensile steel

t xt
C = t X (6-51b)s F2TO s

C = 4.0 x 1.0 x85.8 =0. 29 $/sq ft

Cf = Xf (6-52)

C f=1. 75$/sq ft

Summary

Ct c = Cc +Cs +Cf

Ct = 0.44 + 0.29 + i. 75 = 2.48 $/sq ft
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Total Cost of Spherical Shell

2 Y JI + 1'02 Ct (6-53)
if= / S L cos 2 (-3

where Y,02 is determined in Section (g)

CT= 314x 169 cos( 0.518i2 radians) x 2.48

CT = 3. 14x 169x0 690 x 2.48 - 908 00$

(g) Design of Exit Ring (No. 2)

Use Eq, (6-73) to estimate design loads on the ring for

PLI/q " (3 SL + D/2) sin +0D1

-N = q (3 S + D/Z) 1 - sin2  01 - P sin( 0  1
maxE L sin 2 (&'- 0 2 )j L I -sin7F YO 2 )J

(6-77)
where

7' =0.50017'

0 -1 (SL + b/6) (exit ring)

2= sin SL (blast sphere) (7-6)

Assume b= 6. 0 in. for exit ring

-sin*1  (8 + 1) 0 247r' radians•02 =sn13 -

sin '01 = 0. 782 Eq, (7-5)

N max=-325 (41.0) 2 1-Q'610- - 17,320 9078Z

max sin(0. 50. 60 242) sin2(0500 - 0. 242)

-N 32 1 0x390' -17,320 x O.7525 = -35, 720 lb
-Nmax 135 0. 525 L J

Assume f' = 7500 psi;
dc

Required Exit Ring Area
A. ~ 0coN (77)

ring 0. 85 f - maxdc mx

A 0. 725 720 = 4.80 sq in,
ring 01 85 x 6375

lIT RESEARCH INSTITUTE
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The minimum possible area, using a shell with D = 4. 0 is

4.0 x 4.0 = 16.0 > 4.80 sq in.

Use a nominal exit ring

b = 4. 0 in.

D = 4. 0 in.

Revised: sin 1 (8 +10,'667) 0 232Y radians

Note: (_N2 + y01) = (0. 232 + 0. 286)11 = 0, 51817'

This indicates there is some overlap of Rings No. I and 2 since the maxi-

mum angle possible between the outside edges is 0. 5001e'. However, this

overlap is permissible as long as it does not encroach on the inside face of

either ring. As previously determined in Section (e), there are no tensile

stresses in the shell.

(h) Cost Factors for Exit Ring(No. 2)

C =- bD X (6-67)c 144 c

4.0x4.0 x1.300.15$/ftc 144

•tbD

C =t X (6-68)s ,467 s

C 0.5x4.0 x4.0 x858 0.05$/fts =-14,400 x858=0.5$t

C te b D(6-69)st T 14,400 Xs

0. 2 x 4,0 x 4. 0 x85.8 =0.02$/ft
st 14,400

No torsional steel is required in this case, since the line of

action of the membrane thrust can be made to act through the center of

shear for the ring.
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Cf -"'- X (6-71)
f

Sumary(4.0 + .0
Ct = Cc + Cs + Cst y Cve f Cf (6-72)

C 0. 15 + 0.05 + 0 02 + C. 00 + 1. 33 = . 55 $/ft

(i) Design of Circular Slab for Blast Door Support

A discussion of the assumptions pertinent to the design of

this element is found in Section 6. c. 4.

d 289 + O. [ j0572-' -- -P (6-174)

where SL = 8. 0 ft, we will assume •v - 2. 2 percent; fdy 7- 75, 000 psi and

= 6000 psi
c

d -: 201.0 772 x 75,000 - 16.2 in.
1229 - 000

D z 16. 2 + 1. 5 17. 7 in. < depth of entrance ring OK

00572 2
Sv V (6-173)

6c x 6. 00 -: 1. 61 percent

To preclude possiblc pure shear failure,

15 qI SL

15x 772. x 8 0
D :--1 -- 7'00 0 = 15. 4 in. < 18, 0 in. OK (7-8)

(j) Cost Factors of Circular Slab for Blast Door Support

A * W S2  .K KL~ l (6- 175)
slab 4 SL(ring) LS(slab) x LL(slab)(

Asb L x 8. 0 - 6. 5 x 1.83 z 38. 35 sq ft
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Concrete bD (6-176)
c I T c

C 120 x 18.0 x 1.30 = 1.95 $/sq ft
c 144

Flexural Steel
C c D

S 7- (6-177)

C 1. 61 x 18.0C 660 x 85.8 = 378$Isq ft
s 660" "

Shear Steel 6 D

C =v X (6-178)

C Z. 2Zx 18. 0x 5=3.06$sqft
v 1200

Forms
Cf = Xf (6-179)

Cf = 1. 75

Summary
Ct = Cc + Cs + Cv + Cf (6-180)

Ct = 1.95 + 3. 78 + 3.06 + 1.75 = 10, 54 $/sq ft

CT =Ct Aslab (6-181)

CT = 10.54 x 38.35 = $405.00

(k) Design of Blast Door

Assume that a prestressed concrete door section will be used.

This choice ensures a homogeneous and elastic material, whose thickness

will have a marked effect in reducing radiation streaming thrcugh the shelter.

From Section 6. 7. 3, assuming D = 10. 0 in.

S L/2 = 7.42 LS = 1.83 ft 4 =C.0354 K20 =0.0111

=7. 75 ft 2=L = /IL = 0.238 K =0.1235 A= 0.0565

864 K q 1-A2 ) 2 1/
D 0 2  (I +A )(I + OA ) +0.167A2U

0.45 f' + 3 i [(1 +A2)4+A ( +V- A'
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D E(364 x0. 1235x 772x 3.34x( 1. 12)( (1,112 x1,00c,) +0 00031 1/2 90 n(0. 45 x 6000) + 234(.238 +0.035) 9.04 in+(6-119)

Use D = 10 0 in.

Assuming 1/2 6 270 K prestressing strand

2. 70 P' D
L 0 2, 70 x 6000 x 10,0 _ 7.0 ft/sq ft

sp F - Z3. 150sp

To determine the required percentage of longitudinal steel

17,800 Ko f- D 2 ,4 (6-120)
20 dy (t + ) + JA

772 1 82 0 03054
L17,800x0'011x 6000x- x [x 04 +0.0354

cL 60 ý(TO x ff0- x (1 +0.0316) +0,03541

6 cL = 0.452 > 0. 225 :. additional moment steel is required

6cL : 0 452 *+ 0. 225 = 0. 677 percent

To preclude any possible pure shear failure,
q1 Ls

D > 30 (6-123)
c

30 x 772 x 1.83 7.05 <10,0 in. OK

6000

(1) Cost Factors for Blast Door

Concrete

D X (6-124)c 12 c

10
C - x 1 30 1 08 $/sq ft

Reinforcing Steel D 6tL
C X [6 -125)

s 1200 s

C 1 x 85.8 z 0 4 0$ S/sq fts 1200
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Prestressing Steel

C sp = L sp X p (6-126)

C sp = 7. 0 x 0. 19 = 1. 33 $/sq ft

Forms
C-r = X (6-127)f

C = 1. 40 $/ sq ft
f

Surnmary

C t = C c + C s + C sp + C f (6-128)

C t 1. 08 + 0. 49 + 1. 33 + 1. 40 = 4. 30 $/sq ft

Total area of door includes 3. 0 in. overhang on all sides

(L S + o. 5) X ('L L +0. 5) = (2. 33 x 8. 25) = 19. 27 sq ft

C T = 4. 30 x 19. 27 = 83$

(m) Design of Suppz)rt Structure Hardware for Blast Door

it is assum ed that American Standard Channels will be usei

in supporting the blast door proper. The channel must have a web length

between flanges in excess of H. 0 in. Assuming a 15. 0 in. channel, the

required web thickness is,

Bending d 2
t w w (6-131)w -T- 2

y

t 910 12. 375 0. 695
w 50, 000 2

Shear

t w (6-132)w 7. 2 f
y

910
tw negligible

3 0 , 000

Use 15 150. 0 with t w = 0. 75 > 0. 695 :. OK

Total length of channel required

4 (L S + 0. 5) + 2 (z L + 0. 5) = (4 x 2. 3 3) + (Z x 8. 2 5) 2 5. 8 2 ft
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(n) Cost Factors of Support Structure Hardware for Blast Door

Channels - From Table 2-2

X = 0.207 $/lb for f = 50, 000 psi
s y

CT = 50.0 x 0.207 x 25.82 = $258 CO

Roller Supports - From Section 2. 8. 2
CT = 30 nL D = 30 x l x 10.0 = $300

Blast Door Latch - From Section 2. 8. 3
1/2

CT = (25.00 + 10 D) nL

CT = (25.00 + 100.00) x I = $125.00

(o) Design of Cylindrical Shell

Radiation sections (R 1 ) and (R 2 ) are both locateId downstream

from the blast door. As a consequence, they need only be designed for

compressive earth loading. From Section 6.4. 1, assuming D = 3. 0 in.

fq - . (6-27)

f= 1. 18 (5200 - 300) = 5780 psidc

Use f' 6250 > 5780dc
(p) Cost Factors for Cylindrical Shell

Cost factors per linear foot of radiation section corridor can

be taken from Table 7-5 or calculated in detail as follows:

Concrete = D
C -X(6-28)

c 12 c

C= x 1.21 =0.31 $/sq ft
c 12

Steel D 6t
t• = x(6-29)

Assuming 0. 1 percent temperature steel in the longitudinal direction

C = 3.0 xO.6
s 1200 85.80.13$/sqft
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Forms

Cf = Xf (6-30)

Cf = 1.40 $/sq ft

Summary

Ct = Cc + Cs + Cf (6-31)

C = 0.31 + 0. 13 + 1.40 = 1.84 $/sq ft

The cost per foot of corridor is

CT = 1.84 x 3 14 x 8.0 46.25 $/ft

2. Radiation Analysis

The total radiation dose which is received by the shelter population

is the cumulative total from the contributing factors outlined in Chapter 5.

(a) Prompt Radiation Overhead Shelter Contribution

Two possible weapon-burst orientations with respect to the

shelter are investigated for prompt radiation effects. With respect to over-

head contributions, a direct overhead burst results in maximum radiation

dose rates. The maximum dosage as regards the entranceway contribution

results from a weapon burst in line with the long axis of the entrance opening.

Since the two cases cannot occur simultaneously for a single weapon burst,

both are investigated to determine the critical condition. While it is possible

that some weapon orientation other than the two studied may lead to higher

dose rates for a particula" case, it is felt that such rates would not differ

significantly from the maximum of the two orientations which are studied.

As outlined in Section 5.3.2, use Fig. 5-1 to determine the

solid angle fraction for the input parameters as listed for this shelter

Given: B = 15.0 ft Therefore: e 15.0 0.231

H= 65.0 ft n = ZZ x7.33 0.226Hp w•- T65. 2

Z = 7. 33 ft and -j 0. 5 solid radians
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* Note: The depth, Z is determined by taking the entrance depth listed in

Table 7-Z for the particular shelter under consideration, and then subtracting

the earth cover and the height of the detector from the floor (taken as 3. 00 ft)

From Fig. 5-2 for overhead burst orientation A B =0 deg; w 0.5)

Neutron Rf 0. 80
e

Gamma Rf =0.95
e

From Fig. 5-2 for entranceway burst orientation (/3B = 50 deg;

'- 0.5)

Neutron R, = 0. 64

e
Gamma Rf = 0. 50

e

From Fig. 5-4 for overhead burst orientation (0S = cO deg;

Pom = 1000 psf) (p m is effective mass density of radiation shielding in

lb per sq ft)
Gamma R = 0. 00005

For entranceway burst orientation jS = 40 deg; pm = 1000 psf)

Gamma Rf 0. 0000006

From Fig. 5-7

For overhead orientation (Ps = 90 deg; /om = 1000 psf)

Neutron Rf 0. 000004

for entranceway orientation S = 40 deg; m = 1000 psf)

Neutron Rf = 0. 00000065

The free-field dose rate from Table 5-1

for overhead orientation ((3 B = 0 deg; 1s = 90 deg; W a I MT; pso 200 psi)

Gamma Free-Field !.45 x 105 rads

Neutron Free-Field 2. 27 x 104 rads

for entranceway orientation (1 B = 50 deg; Ps = 40 deg; W I MT, pso 200 psi)
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Gamma Free-Field 4.58 x 105 rads

Neutron Free-Field 1. 29 x 105 rads

The prompt radiation dose received in the shelter through the roof can be

expressed as follows
(Table 5-1) (Fig. 5-2) (Fig. 5-4)

Gamma = free-field dose x solid angle Rf x barrier Rf

(Table 5-1) (Fig. 5-2) (Fig. 5-6)
Neutron = free-field dose x solid angle Rf x barrier Rf

eb

for overhead orientation

t = 1. 45 x 105 x 0.95 x 5 x 105 6.82 rads

N =2.25x 104x0. 80x4x 10- 60.rads

for entranceway orientation

S= 4.58 x 105 x 0.50 x 6 x I-7 =0. 14 rads

N = 1. 29 x 105 x 0. 64 x 6. 5 x 10-7 = 0.06 rads

(b) Entranceway Contribution

As outlined in Section 5. 8, use Eq. (5-5b) or Fig. 5-1 to

determine solid angle fraction

(1) Transition Section: Director No. I located at upstream

face of blast door 3. 0 ft above floor.

Entranceway Orientation

Given:

r 3. 5ft tan- tan -- .75 16 deg
m z t7- 13.0

Z= 13.0 ft cos,• -0.953

w I - cos/3Z (5-56)

I - 0. 953 : 0. 047

Overhead Orientation
7. 5

Given: B = 7.5 ft e I 0.75

H = 10.0ft
P
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9.0Z=4. 5ft n 1.

From Fig. 5- 1

'a =0.32 solid radians

(2) Blast Section: Detector No. 2 located in center of

blast sphere

Entranceway Orientation

rm = 3.75 ft , tan -1 3 75 8 deg

z =7.oft z 7.0

'.0 = 1.0 - 0.883 = 0.117 solid radians

Overhead Orientation

Given: -1 7.0
t=tan - 80 degm

Z =4.0 ft cost3 z =0.174

; =1.0 - 0. 174 = 0.826 solid radians

(3) Radiation Section (R 1 ): Detector No. 3 located at down-

stream end 3. 0 ft above floor

Entranceway Orientation

Given: -1 3.7R
r = 3. 75 ft ,3 = tan - 10 deg

Z = 22.0 ft cos13z = 0. 985

= 1.0 - 0.085 = 0.015 solid radians

Overhead Orientation
Given: 7.5_

B =7.5ft e- 7- 0.5
p 15.0

H = 15.0fi
p

9.0 0. 60
Z=4.5ft n= 1 5 .0

From Fig. 5-1

= 0.37 solid radians
I"
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(4) Radiation Section (R 2 ): Detector No. 4 located at downstream

end of radiation scfction at mouth of shelter 3. 0 ft abcve floor
Entranceway Orientation

Given: -l 3.75rG = 3.75 ft /3 =tan - = 14 deg

Z 15.0 ft
cos = 0. 974

= 1.0 - 0. 974 = 0. 026 solid radians

Overhead Orientation

Same as Radiation Section (RI), assuming an overhead burst orientation.

Detector No. 1

Entranceway Contribution (t. = 0. 047; /3 z= 50 deg)

(Table 5-1) (Fig. 5-2)
'Gamma = free-field dose x solid angle Rfe

(Table 5-1) (Fig. 5-2)
Neutron = free-fieid dose x solid angle Rfe

S=1.45x 10 5 xO.06 =8.7x 103 rads

N = 2.27 x 104 x0. 10 = 2.27x 103 rads

Overhead Contribution ( w = 0.32; Pm = 550 psf; /3 B = 0 deg; /3 S =90 deg)

(Table 5-1) (Fig. 5-2) (Fig. 5-4)
Gamma free-field dose x solid angle Rfe x earth barrier Rib

(Table 5-1) (Fig. 5-2) (Fig. 5-7)
Neutron = free-field dose x solid angle Rfe x earth barrier Rib

"= i. 45 x .3 5 0.82 x 0.005 = 5.95 x 102 rads

N = 2.27 x 10 4x 0.67 x 0.0011 = 1.68 x 10 rads

Total at Detector No. 1

' 8.7 x 103 + 0.6 x 103 = 9.3 x 103 rads

N = 2.27 x 103 + 0.02x 103 = 2.29 x 103 rads

At Detector No. 2, recognizing that the radiation stream must pass through

10. 0 in. concrete blast door

Entranceway Contribution ( Wo = 0. 177; /om = 12.5 psf; /3B = 0 deg;
/3S = 90 deg)

Gamma = Detector No. 1 dose x solid angle R fexblastdoorbarrierRfb

Neutron = Detector No. 1 dose x solid angle Rfexblast door barrierRib
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S' 9.3x 10 x0.68 x0.32 2.02x l03 rads

N :2. 29x 103 x0.40 x0.30 = 2.75x 102 fads

Overhead Contribution ( 0 O.82 6 ;pm = 975 psi; PB = 0 deg; 3S=g9odeg)

Gamma = free-field dose x solid angle Rf x earth barrier R
fe Rfb

Neutron = free-field dose x solid angle Rf x earth barrier R
fe tb

=1.45x 10 5 x0.98x0.000066 -0.01 x 103
il-

4N 2.27x 10 x0.04x0.0000054= 0.001 x 10

Total at Detector No. 2

S= 2.02x 103 +0.01 x 10 = 2.03 x 103

N = 2. 75 x 102

Detector No. 3

Entranceway Contribution (w = 0. 015;A/B = 0 deg)

The modified solid angle fraction due to corridor bends can be

determined from Section 5. 5. 2

Rf = 0. 1(01 =1 ' (5-12)
~ci

Rfc= 0. 1 x 0.013= 0. 0015

The entranceway wall attenuation of neutron flux is discussed in Section

5.5. 2. 1
L = K (H + B) (5-9)

1/2 7

L1/2= -1 0. 733 (7.5 + 7. 5) =5.5 ft

L

n1 / 2 = L( 5-10)
1 / 2

n 15.0 = 2. 73

the reduction factor is expressed

R - 1 (5-11)

Rw = 0. 15

w 22.7
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f
Gamma = Detector No. 2 dose x qolid angle R ( '=3.0015)e

Neutron = Detectc r No. 2 dose x solid angle Rf x wall attenuation Rf (W' = 0.0015)
fe fw

""" -2.03 x 10.3 x 0. 125 = 2.54 x 102 rads

N =2.75 x 102 x 0.14 x 0. 15 = 5.78 rads

Overhead Contribution (Q = 0.37; / 0 m = 1150 psf;/3B- 0 deg; As = 90 deg)

Gamma free-field dose x solid angle R x earth barrier Rfb

Neutron - free-field dose x solid angle Rf x earth barrier Rfb

S1.45 x 105 x 0.88 x 0. 000011 = 1.40 rads:

N 2. 27 x 104 = 0. 71 x 0. 0000006 = negligible

Total at Detector No. 3

•' =254 + .4 =255.4 rads

N =5.78 rads

Detector No. 4

Entranceway Contribution (o = 0. 026; 13 B 0 deg)

R - 0.5 w (5-13)
c 2

Rf 0.5 x0.026 = 0.013
c 2

Gamma = Detector No. 3 dose x solid angle Rfe

Neutron = Detector No. 3 dose x solid angle Rfex wail attenuation Rfb

"I =255.4 x 0. 335 = 90.6 rads

N 5.78x0.19x0.15 = 0.1? rads

Total 90.8 rads

Assuming an entranceway orientation of burst

Entranceway Contribution (w = 0. 047; /3B = 0 deg)

Gamma = free-field dose x solid angle Rfe

Neutron = free-field dose x solid angle Rf.
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'=4. 58 x 10 5 x0. 55 2. 55 x 105 rd

N =1. 29x 10 5 x0. 27 =3. 48 x 10 4 fads

SOverhead C ontribution (cj 0. 3 2 ;/0 m = 550 psf; 3B = 50 deg; 3 S = 40 deg)

S~Gamma =free-field dose x solid angle Re x earth barrier Rb

Neutron =free-field dose x solid angle Re x earth barrier Rb

=4.58 x 10 x0.28 x0.00015 1.9x 10 rads

N =1.29x 105x0.41x0.00045 2.4x 10 rads

The reduction factors for Detectors 2, 3 and 4 for the entranceway

contribution are the same as for the overhead orientation case. The final

radiation dose which is "seen" by Detector No. 4 for the overhead case

can thus be determined from the ratios of the dose rates at Detector No. 1

for both cases, if the overhead contribution for the overhead orientation

is disregarded.

At Detector No. 4 _. 55x 1OS
= x 90.6 =2480 rads

0.93 x 104

3. 48 x 104
N .48x x 0. 17 =2.5 rads
0. 23 x 10~

(c) Fallout Radiation

As in the case of prompt radiation, fallout radiation is re-

ceived both from overhead sources and by streaming through the entranceway

structure. As discussed in Chapter 5, the cumulative fallout radiation for

the cases considered in this study, assuming a two week stay period as

discussed in Chapter 5, can be taken as a constant 86, 000 rads of gamma

radiation. This is considered to be independent of weapon size or burst

orientation.

The overhead contribution is determined from the solid angle

fraction found in Fig. 5-1 together with Fig. 5-8, Case I, and Fig. 5-5,

Case I.
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Given: Where: B
S 15Ot 715.0B = 15.0ft6e5=0 -0.231

p

H = 65.0 ft
p

Z = 7.33 ft ZZ 2 x 7. 33 0. 2 2 6H 3W
p

(0) = 0. 5 solid radians

From Fig. 5-8 (W= 0.5; Case I) and Fig. 5-5 (/Or= 1000 psf; Case I)

Solid angle Rf = 0. 125 and barrier shield Rfb t! 2 x 10-10

Dose received in shelter from overhead fallout

Fallout ' = free-field dose x solid angle Rfe x barrier Rfb

Fallout -= 8.6 x 104 x 0. 125 x 2 x 10"10 = negligible

The entranceway contribution is based on the assumption that the

free-field dose exists in the Transition Section immediately adjacent to

the blast door. The fallout dosage "seen" by the detector in the blast

section sphere is determined from Fig. 5-1, together with Fig. 5-8 and

5-5 for Case II. Propagation of the fallout radiation field beyond this detec-

tor and toward the shelter proper is assumed to take place in the same

manner as for the prompt radiation.

From Part B (b) 2)

W = 0. 117; /pm = 125 psf

Dose received at Detector No. 2 in center cf the blast sphere

From Fig. 5-8 Case II and Fig. 5-5, Case II

Solid Angle Rfe = 0. 127; barrier Rfb = 0. 047

Fallout 9=8. 6 x 104 x 0. 127 x 0. 047 = 514 rads

The gamma dose at Detector No. 2 due to prompt radiation for the

entranceway orientation case

2.55x x 0.68 x 0.32 = 5.5 x 10 rads

The increase in total gamma dosage "seen" at Detector No. 4 in the shelter

due to the addition of fallout radiation is in the proportion:
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0. 0514 x 104
15. 5x 104 0.00935

Fallout " = 2480 x 0. 00935 = 23. 0 rads

Total Radiation Dose at Entrance of Shelter Proper

Prompt 7 = 2480 Prompt N = 4. 5 rads

Fallout •' = 23

Total 2503 rads

(d) Radiation Barrier Shielding Design

The worst-case radiation dosage for this example is in excess
24

of the recommended dose rate of 40 rads total. Reduction in the dosage

through the entranceway structure can be effected by increasing the number

and/or lengths of Radiation Sections or by placing barrier shielding at the

entrance to the shelter proper. In general, the construction of barrier

shielding is the simplest and less costly alternative.

Worst-case gamma dosage at entrance to shelter proper = 2503 rads

Radiation dosage through roof of shelter for this case = 0. 2 rads

Allowable dosagethroughentrancewayforthis case = 40.0 - 0. 2 = 39.8 rads

Required 3 19.8 0 5
Rfb -30.8_00153

R e b 2503

From Fig, 5-4 (Rfb = 0.0153, t3 s 90 deg)

r1 m= 440 psf

Assuming a reinforced concrete wali

Required D =- 440 35.5 in.
12. 5

Use D = 36.0 in.

The barrier can be placed in the last radiation leg of the

entranceway by flaring the section, or it can be placed in the shelter proper.

In this instance, we will assume that the entranceway is flared and the radi-

ation barrier shielding is placed in Radiation Section (R 2 ). The total area

of barrier wall is now determined.

A = 2 x 1/2 x7lx 4.252 = 57.0 sq ft
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Shelter

D 31 '-011

Radiation Section (R 2 )

15'-"I Lane Width '-6"

__S , _ "L 71.-6"1

Radiation Section (RI)

Fig. 7-10 PLAN VIEW OF RADIATION BARRIER SHIELD
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(e) Radiation Barrier Shielding Cost Factor

Assuming P = 2000 psi
C

DConcrete C Xc

C 36.0
" Cc - x 1.00 =3.00$/sqft

Steel
SC = D 6 "0 Xs

36.0x0.5x 78.8 =1 18 $/sq ftCs 1200 .1$/qt

Forms

C = 2 (A +0.0833 D SL) X
A

C - 2 x (57. 0 + 3.0 x8 )x 1.00 = 2. 90 $/sq ft
Cf 57.0

Ct C c +Cf = 3. 00 + . 18 + 2.90 = 7.08$/sqft

Ct = 7.08 x 57.0 = 404N

It is apparent that either an increased number of radiation sections or the

use of a radiati, shield in the shelter proper will lead to considerably greater

costs.

3. Total Cost

The cost factors for all structural elements developed on a blast

resistance basis are given in 1. The total cost contribution as a result of
0

radiation analyses is given in 2. There remains only the determination of exca-

vation and open cut stair costs to develop the total entranceway cost i;ctor.

(a) Excavation and Backfill

Whenever possible, the excavation required for the shelter proper

%,ill be utilized in construction of the entranceway. Assuming a 1:1 slope cut,

Average depth of Radiation Section (R2 ) 10. 5 ft

Volume .• (A1 + A2 ) (7-8)!T
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where:

z average depth of excavation

A1 = gross area at bottom of excavation, LT x BTo

where LT = total length of entranceway section

in ft and BT = total width of entranceway sec-

tion in ft

A 2  gross area determined by the intersection of
slope with existing ground surface, usually

A 2  (LT + 2z) x (BT + 2z)

From Fig. 7-1 and Table 7-2

Depth of existing excavation at side of shelter=• 21.0 ft

Existing depth of excavation 15. 0 ft from side of shelter = 6. 0 ft

Radiation Section (R2 )

Average depth of Radiation Section (R 2) 10. 5 ft

Z (19. 5 - 21.0) + (19. 5 - 6.0) = 6.0 ft

6.o
Vol 6- (15.0x9.0) +(2l.Ox2l.0) = 1728 cuft

Radiation Section (R1)

Depth of excavation, downstream end z 19. 0 ft

Depth of excavation, upstream end = 6. 0 ft

Average depth of Radiation Section (R1) = 18. 5 ft

(18.5 - S.0) + (18.5 - 6.0) 6.ft

Vol 6 %15.0 x8.0) +(21.Ox 14.0)- 1242cuft

Blast Section

Average depth of excavation a 12.0 ft

Average depth of Blast Section = 21.0 ft

Z - (21.0 - 12.0) a 9.0 ft

Vol 90 (1 i.0 x IS. 0) + (24.0 x 24.0) - 3600 cu ft
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I
Transition Section

Depth of excavation downstream end = 21. 0 ft

Depth of excavation upstream end = 9.0 ft

z= (10 - 21.0) + (10 - 9.0) = -5.0 .. fill required

5Vol (of fill)= 1 (9.0 x 10.0) = 225 ft

Entranceway Open Cut

Depth of excavation, downstream end = 9. 0 It

Depth of excavation, upstream end = 1. 0 ft

Average depth of cut .-- 3. 0 ft

Z 3,0 -i9.0) + (3 0 - 1. 0) _2.0ft2

Vo1(offill) = ((2.5x 6.5) = 16 cuft

Entrance Structure Volume

Radiation Section (R 1 ) =f x 4.02 x 15.0 = 755 cu ft

Radiation Section (R 2 ) =f' x 4.02 x 4.5 = 226 cu ft

Blast Section = 4/3 x 0 x 7.03 = 1440 cu ft

Transition Section = if x 4. 582 x 13. 3 = 896 cu ft

Open Cut 1/4 x (27.5 + 2 5) x 6.0 = 50 cu ft

Total 4002 cu ft

Total Volume of Excavation

Radiation Section (R2 ) = 1728

Radiation Section (R1 ) = 1242

Blast Section - 3600

Transition Section = -255

Open Cut = -16

Total 6699 cu ft

Total Volume of Backfill 6699 - 4002 = 2697 cu ft

lIT RESEARCH INSTITUTE

7-50



(b) Open Cut Section

Slope surface area will require stabilization, assuming a 2:1

slo'e

8.5 x 13.5 x 1/2 x 2 = 115.0 sq ft

Assume slope stabilization consisting of 3 in. concrete slab or

equivalent

Cf = 0.75 $/sq ft

CT 0. 75x 115.0 = 87$

Stair Costs from Section 2. 2. 9

CT = 9 steps at 18.00 $/step = 162$

(c) Emergency Exit

The 100-man shelter serviced by a blast-resistant entranceway

requires one emergency exit. From Table 7-2 the required lengtb of

emergency exit is assumed equal to the depth to entrance level. Unit cost

from Section 2.8.4

CT = $4. 00 x 20. 33 = 285$
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Total Cost

Open Cut Section

Side Slope Stabilization 0. 75 x 115 87

Stairs 18. 00 x 9 = 162

Transition Section

Prestressed Concrete Cylindrical Shell

4.49x8.66xifx 13.0 = 1590

Structural Steel Blast Exclusion Ring

2.84 x 8.66 xTf x 2.5 = 193

Stairs 18. 00 x 13 = 236

Blast Section

Reinforced Concrete Spherical Shell = 908

Reinforced Concrete Entrance Ring 10. 58 x 8. 5 xrf = 282

Reinforced Concrete Exit Ring 1. 55 x 8. 16 xi'f = 40

Reinforced Concrete Blast Door Support Slab = 405

Prestressed Concrete Door = 83

Blast Door Support Channels = 258

Blast Door Support Rollers = 300

Blast Door Latch - 125

Stairs 18. 00 x 6 = 108

Radiation Section

Reinforced Concrete Cylindrical Shell 46. 25 x 19. 5 = 907

1.86 x 9.0 xifx 10.5 = 552

Radiation Barrier Wall 404

Emergency Exit 285

Excavation 0. 036 x 6699 242

Backfill 0. 033 x 2697 90

Haul 0.026 x 3951 103

Total $ 7360
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7. 4. 2 Tension Cylinder (Sample Analysis and Cost Evaluation)

TRIAL DESIGN 7.4.2-200 Bl

CONFIGURATION

One story cylinder (Fig. 7-11)

STRUCTURAL SYSTEM AND INPUT PARAMETERS

Reference Fig. 7-2

Transition Section -

Material: Prest-essed concrete cylinder

Orientation: Makes *' 30, deg angle with horizontal plane and
is perpendicular to the long axis of the shelter

Dimension: I. D. 7 ft-6 in. ; length 13 ft-0 in. ; change in eleva-
tion between entrance and exit 8 ft-3 1/2 in.

Primary Design Loads: q, = 480 psi; qEd = 200 psi

Blast Section -

Material: Prestressed concrete cylinder

Orientation: Horizontal; perpendicular to long axis of shelter

Dimension: I. D. 7 ft-6 in. ; overall length 18 ft-0 in. ; length of
concrete shell 14 ft-s in.

Primary Design Loads: q, = 480 psi; qEd = 200 psi

Radiation Section (R 1 ) -

Material: Reinforced concrete cylinder

Orientation: ,- Horizontal; parallelto long axis of shelter

Dimension: I, D. 7 ft-6 in. ; length 15 ft-0 in. ; change in
elevation 1 ft-6 in.

Primary Design Load: qEd = 200 psi

Radiation Section (R 2 ) -

Material: Reinforced concrete cylinder

Orientation: -,j Horizontal; perpendicular to long axis of shelter

Dimension: I. D. 7 ft-6 in. ; length 15 ft-0 in. ; change in
elevation 1 ft-6 in.

Primary Design Load: qEd 200 psi

Note: These dimensions may require subsequent modification

due to radiation design requirements.

Shelter -

Capacity: 100 Man (Table 7-2)

Primary Design Load: =''d = 200 psi
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1. Blast Analysis

(a) Transition and Blast Section:

Design of cylindrical shell, prestressed concrete

Shell Design

Assume D = 4.5 in.; V = 6000 psi
c

- = 10.0 = 10.0-i-- 4.5

Use thin-wall analysis as outlined in Sections 6.4. 2 and 6. 3. From Eq. (6-32)

qEp(max) =0.45 V D q ) 2)

Taking qEsV 0
4.5

qEp(max) <, 0. 450 x 6000 x-p-.5 = 245 psi

From Eq. (6-33) required

ql SL - 0.5 DVT7
qEp(min) SL + D/6 qEs - qEd (6-33)

_(480 x 7.5) - (2.25 x 78 ) 200 =210 psi
8.25

From Eq. (6-34), required

qEp(max) =0.85 f'V D - qs qd (6-34)

4. 5
qEp(max) 0.85 x 6000 x - 200 = 264 psi

210 • 245 • 264 ". OK

j Use D = 4. 5 in.

As a result of this analysis, a range of values 210 < qEp . 245 ti seen to

be adequate for design. The upper limit of qEp = 245 psi will be used as the

design parameter, since this will tend to reduce the tensile stresses in the

shell during interior blast loading.

The effective prestress force can be expressed as

T p = (45.0 + 4.5) 245 - 12, 120 lb/in. (6-16)

Assuming a 1/2 in. 6 K 270 prestressing steel strand from Table 2-7
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F = 23, 150 lb/strandsp

L Ix 12, 120 = 6.28 ft/sq ft of shell (6-18)
sp 23, 150

The resulting pitch between wraps of prestress strand is

Pt = 12. 0/6. 28 = 1.91 in.

(b) Transition-Blast Section:

Cost factors for cylindrical shell, prestressed concrete
Concrete _(-9CC 1 4 x 1. 30 = 0.49 $/sq ft (6-19)

c 12
Reinforcing Steel

4.5x0.6C s = 1200 x 85. 8 = 0. 24 $/sq ft (-0

Prestressing Steel

C = 6.28 x 0. 19 = 1. 19 $/sq ft (6-21)sp

Forms
Cf = 1.40 $/sq ft (6-22)

Protective Covering
C = 0.30 $/sq ft (6-23)

g

Summary

C •0.49 + 0.24 + 1.19 + 1.40 + 0.30 = 3.62 $/sq ft (6-24)

(c) Transition-Blast Section: Design of Elbow

In order to fit the Transition and Blast Sections as a continuous

element, the top portions of both sections in the bend must be shorter than

the bottom portions. To maintain a continuous wrap of prestress strand

under uniform tension, it is necessary to reduce the pitch between wraps

at the top of the shells. By so doing, these portions of the shells will be

subjected to higher prestressing loads. In addition, since these bends are

in the form of reentrant corners, a reinforced blast wave can be expected

to form at this -. ction.

Transition Section:

'rake length of top bend = 2 ft-6 in. Then. from Fig. 7- i1. the

equivalent length of bottom bend = 5 ft-6 in.
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Revised pitch is then

Pt 5." = 0. 870 in. /in.
2 .5

and

T 23, 150 = 26,800 lb/in.Tsp 0.8"70

Since
T = (6 SL + D) qEp (6-16)

Taking D' 12. 0 in at the top of bend, the average D over the section is

(12.0 +4.5) =8.25 in.

and
T - 26, 800 503 psi

(1 6S L =-D)45.0 + C. 25

From Section 6.3. 1, Eq. (6-15)

qEp 0. 225 x 6000 7.5 J= 508 psi (6-15)

503 - 508 .'. OK

From Eq. (6-17)
19.52- 7.521

qEp< 0. 85 x 6000 9.52+7.52 - 200 •<985 psi (6-17)

503 < 985 :. OK

Blast Section:

The same proportions hold for the blast section.

.. Use D' = 12.0 in. and length of top bend = 2 ft-6 in.

(d) Transition-Blast Section: Cost Factors for Elbow Section

Trial cost designs indicate that the cost of a straight cylinder

section and bend is approximately the ý*me as the straight section alone

if the long or bottom length dimension is used in computing total cost. For

this reason, the cost of the bend section is included in the cost factor deter-

mined in (b) of thls example.
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The Blast Section consists of a prestressed concrete horizontal

cylinder with a crushable mild steel shield enclosing the downstream end.

The blast door is supported by tension rings which are poured monolithically

with the side of the cylinder.

(e) Blast Section: Design of Tension Ring; Prestressed Concrete

From Section 6. 9. 3

Assume prestressed concrete ring 14.0 in. x 15. 0 in. in cross section

Required D = 36 qI SLring(LS+b/ 6 ) (6-155)
(0.45 f' + 3VFt) bc "C

36 x 480 x 8.75 x 4.33 = 14.65 in. < 15.00 .. OK(0.45 x 6000 + 234) x 1.50

bT
Lsp F (6-141)

sp

L 15.0 x 0.45 x 6000 x 15.0 26.30 strands

sp 23, 150

Use 27 strands.

(f) Blast Section: Cost factors for Tension Ring

Concrete
C 15.0x 15.0
c 15. 0 1 5.-0x 1.30 = 2.04 $/ft (6-157)

Prestress Steel

r, 27 x 0. 19 5. 13 $/ft (6-162)

FormsI
Cf 15.0+15.0 1.00 = 5.00 $/ft (6-159)

Summary

Ct = 2. 04 + 5. '3 + 5.00 = 12. 17 $/ft (6-163)

(g) Blast Section: Design of Beam Member Between Rings

Assume reinforced concrete beams with b = 8. 0 in. ; D 10. 0 in.;

S= 0.0 percent
V

required
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5 L 1 [6 (q, - - qEd.s) S 1 / 152d =11045+.29Lvd f,(6- 165b)

145 +0.0209 6f

d = 6. x 1 83 6 x(480 - 200) x 7. 5,x 75, 000 1/ 8.85n1045 [ 8.0 x 6000 J =8.85 in.

dD =. =-9.85in.; 10.0in. .. OK

14 + . ... 0209 " v f fc (6-135)c i ~dyI

= 75,0Jx 6000 = 1.40 percent

(. 1 75,00 j 2

(h) Blast Section: Cost Factors for Beam Member Between Riigs

Concrete -8. 0 x 10. 0C - x 1.30 = 0.73 $/ft (6-167)
c 144

Steel
S1.40 x8.0 x 10.0

C10,650 x 85.8 = 0.91 $/ft (6-168)

FormsCf 8"+10)
=.0+ 10.0 . 00 = 3.00 $/ft (6-170)

Summary

C = 0.73 + 0.91 + 3.00 = 4.62 $/ft (6-171)t

(i) Blast Section: Design of Blast Door

The blast door is designed as a prestressed concrete shell

segment. Assuming D = 7. 0 in. resultq in

SL/2 = 3.50 ft L = 1.83 ft p = 0. 435 K2 0 = 0. 0090

LL = 8 .24 ft A = LS/LL= 0.222 K10 =0.1242 A 0.0493

"864x6000) + 234 1. 1 1.1 6.055 in. (6-119)

D 6. 55 4 7. 0 .'. OK
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From Section 6. 7. 3 assuming 1/2 16 270 K pr i.stressing strand

2.70 f' D
L c 2.70 6000 7.0 4.9 $/sq ft

To determine the required percentage of longitudinal steel

IL S L - $ 1 (6-120)
•cL = 17,800K 2 0 X "D-" I - (0 + iA2)4 +4 16.

40x 1.83 (.0.4351

cL 800 x 0. 0090 x 8go,000 x 70 5 , I o. 244

S= 0. 244 > 0. 225 .. additional m om ent steel is
cL required

t = 0. 244 + 0. 225 ='. 469 percent

Checi for pure shear failure
30 q I L SD q f, (6-123)

c

30x480x 1.83=4
6000 .40(7.0 in... OK

(j) Blast Section: Cost Factors for Blast Door

Concrete
7.0"C x 1.30 = 0. 76 $/sq ft (6-124)

Reinforcing Steel
C = 7.0 x 0.469 x 85.8 (6-125)8s 12 I00 =02 /qf 615

Prestressing Steel
Csp = 4.9 x 0.19 = 0.93 $/sq ft (6-126)

Forms
Cf = 1.40 $/sq ft (6- 1V7)

Summary

Ct z 0.76 + 0.24 + 0.93 + 1.40 z 3.33 S/sq ft (6-128)

Total area of door includes 3. 0 in overlap on all sides

"wS * 0.5) x (LL + 0.5) = (2.33 x 8.74) = 20.40 sq ft (6-128)

SCT = 3.33 x 20.40 = 68
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(k) Blast Section: Design of Support Structure Hardware

for Blast Door

It is assumed that American Standard Channels will be used to

support the blast door. A web length between flanges in excess of 7. 0 in.

is required. Try 9 in. channel

bending 765 7.25 2
tw =4-0-- =0.239 (6-131)

Use 9 [13.4

0. 239 < 0. 250 .. OK

Total length of channel required

4 (Ls + 0.5) + 2 (LL + 0. 5) = (4 x 2. 33) + (2 x 8. 74) 26.80 ft

(I) Blast Section: Cost Facirs for Support Structure Hardware

of Blast Door

(1) Channels

From Table 2-2, X = 0. 204 $/lb for f = 42,000 psi
5 y

CT = 13.4 x 0.204 x 26.80 74 $

(2) Roller Supports

From Section 2.

CT = 3 0 nL D = 30 x I x 7 =210.00 $

(3) Blast Door Latch

From Section 2.8. 3

CT = (25.00 + 10D) n1/2- 25.00 r* 70.00 95.00 $

(m) Blast S"'ction: Design and Cost Factors for Structural Steel

Dome End

The dotm-e end on the end of the blast cylinder serves as a

crushable shield which can be driven Into the earth by the blast wave in the

sect!un. It will thus be absorbing energy from the wave, while still having

adequate flexibility to resist the subsequent earth pressure load without

fracture.
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Assume f 60, 000 psi
dy

ft- 3 qtS

582 x 22.5 _ 13,100 _0.218 <0.25
Us 1/=lt 60,000 60, 000

•o" Use 1/4 plate

From Table 2-3

Ct=Xs =3.53$/sqft

(n) Blast Section : Design and Cost Factors for Structural Steel

Dome Support Ring

The lightest available wide flange shape which will allow a

1 ft-6 in. rattlespace is a 12 WF 27. From Table 2-2

Ct =0. 183x27 =4. 94 $/sq ft

(o) Radiation Section: Design of Cylindrical Shell

Assuming the minimum D = 3. 0 in. governs design

%=1 . 18 200 (21. 300 = 3300 psi (6.27)dc 3.0

Use f' = 3750 > 3300 .. OK
dc

(p) Radiation Section: Cost Factors for Cylindrical Shell

From Table 7-5

Ct = 45. 25 $/ft

2. Radiation Analysis

(a) Prompt Radiation Overhead Shelter Contribution

As outlined in Section 5. 3. 2 and further detailed in Trial

Design 7.4. 1, use Fig. 5-1 to determine the. solid angle fraction from the

input parameters listed in Table 7-1 and Table 7-2. The dose received In

the shelter is

From Fig. 5-1

Given: B = 15.0 ft ., 0.5 solid radiansP
H =65ft

Z = 7.25 ft
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For overhead burst orientation ( A B = 0 deg; /3S = 90 deg; pm= 750 psf;
W I MT. = 0. 5 solid radians, pso = 125 psi)

(Table 5-1) (Fig. 5-2) (Fig.5-4)

'=4. 15 x 104 x0.95 x 6x 10-4 = 2 3.50 rads
(Table 5- 1) (Fig.5-2) (Fig. 5-7)

N = 3 .56x 103 x 0.80 x 9x 10-5 = 0.26 rads
For entranceway burst orientation (13 = 50 deg; jS 40 deg;p = 750 psf;

W = I MT, W = 0.5 solid radians, pso = 125 psi)

(Table 5-I
Interpolation) (Fig.5-2) (Fig. 5-4)
1. 18 x 105 x 0.50 x 1.3 x 10- 5 =0.75 rads

(Table 5-1
Interpolation) (Fig. 5-2) (Fig. 5-7)

N =1.73 x 10 4 x 0.64 x 3.5 x 10- 5 = 0.39 rads

(b) Prompt Radiation Entranceway Contribution

As shown in Section 5. 8 and Design Example 5.4. 1, use Eq.
(5-5b) or Fig. 5-1 to determine solid angle fraction. Assume an overhead
weapon burst orientation.

(1) Transition Section - Detector No. 1 at bottom of
stairs 3. 0 ft above floor
(a) Entranceway contribution (r - 3. 75; Z = 13. 0 ft; ,.

•B = 50 deg); CA = 0.047 solid radians

(Table 5-1) (Fig. 5-2)
1= 4. 15 x 10 4 x 0.06 = 2.48 x 103 rads

(Table 5-2) (Fig. 5-2)
N = 3.56 x 1O3 x 0.10 =3.56x 102 rads

(b) Overhead contribution (B 7. 5 ft; H = 10. 0 ft;

Z 4.5 ft; p

= 0. 32 solid radians;/5= 37 5 psf; tB = 0 deg;

Ps = 90 deg)
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(Table 5-1) (Fig. 5-2) (Fig. 5-4)

" 4,15 x 104 x 0.82 x 0.03 =1.02 x 10r3 ads

(Table5-1) (Fig.5-2) (Fig.5-7)

N= 3.56 x 103 x 0.67 x 0.01 =2.38 x 10 rads

Total at Detector No. I

'= 2.48x 103 + 1.02 x 103 = 3.50 x 10r3 ads

2 2 2
N 3.56x 10 + 0.24 x 10 = 3.80 x 10 rads

(2) Blast Section - Detector No. 2 opposite blast door

3. 0 ft above floor

(a) Entranceway Contribution (r = 3. 75 ft; Z = 6. 5 ft;m

• .WJ = 0. 105 solid radians; A B = 0 deg)

(At DetectorNo. 1) (Fig. 5-2)

- 3.50 x 103 x 0.68 = 2.38 x 103 rads

(At Detector No. 1) (Fig. 5-2)

N= 3.80 x 10 x 0.37 = 1.41 x r02 fads

(b) Overhead Contribution (B = 7. 5 ft; H = 1. 20 ft;p p
Z - 4. 5 ft;

W . 0.37 solid radians; PM = 750 psf; 13 B = 0 deg;

/3 S = 90 deg)

(Table 5-1) (Fig. 5-2) (Fig. 5-4)

S4. 15 x 104 x 0.88 x 6.0 x 10 1 0.02 x 103 rads

(Table5-I) (Fig.5-2) (Fig.5-7)

N3.56x10 3x 0.70 x 0.09 x10 = 0.22 rads

Total at Detector No. 2

I = 2.40 x 103 rada

N = 1.41 x 102 rads

(3) Radiation Section (Rl) - Detector No. 3 downstream

end of radiation section 3. 0 ft above floor

(a) Entranceway Contribution (rm = 3. 75 ft; Z = 15.0 it;
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R = 0. 1; Rfw = 0. 15; ., J = 0. 026 solid radians;

/3B 0 deg; /pm = 87.5 psf; /3S = 90 deg)

(At Detector No. 2)(Fig. 5-2) (Fig. 5-4)

'= 2.40 x 10 3 x 0. 17 x 0.55 = 2.24 x 102 rads

(At Detector (Rfw)
No. 2) 2 (Fig. 5-2) (Fig. 5-7)

N 1.41x 10 x 0. 11 x 0.55 = 0. 15 = 1.28 rads

Note: Modified w" for gamma radiation ' = R fc; wa= 0, 1 x 0.026 = 0. 0026

(b) Overhead Contribution (B = 7. 5 ft; H = 15.0 ft; Z =4. 5 ft;p p

.. c• = 0.37 solid radians; /om = 800 psf; 13 B = 0 deg; /3S = 90 deg)

(Table 5- 1) (Fig. 5-2) (Fig. 5-4)

S=4. 15 x 104 x 0.88 x 3.5 x 10" = 1.28 x 10 rads

(Table 5-1) (Fig. 5-2) (Fig. 5-7)

N 3.56x 103 x 0.70 x0.05x 10" = 0. 13 rads

Total at Detector No. 3

S= (2.24 x 10 2 +0. 13 x 10 ) 2.37 x 102 rads

N = 1. 28 + 0. 13 = 1.41 rads

(4) Radiation Section (R 2 ) - Detector No. 4 downstream

end of radiation section 3. 0 ft above floor

(a) Entranceway Contribution (rm = 3. 75 ft; Z = 15.0 ft;

Rfc =0.5; Rf =0.15;

= '.= 0.026; 0.' = 0.013; 13 B =0 deg)

(At Detector
No. 3) (Fig. 5-2)

S=2.37 x 102 x 0.36 =85.r5 ads

(At Detector (Rfw)
No. 3) (Fig. 5-2)

N - 1.41 x 0.20 x 0. 15 =0.04 rads

(b) Overhead Contribution (B = 7. 5 ft; H = 15. 0 ft;p p
Z = 4.5 ft; '. W = 0.37 solid radians; e m = 900 psf;

SB = 0 deg; 13S = 90 deg)

(Table 5-1) (Fig. 5-2) (Fig. 5-4)

"4. 15 x 104 x 0.88 x 1.3 x 104 = 4.75 rads
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(Table 5-1) (Fig. 5-2) (Fig. 5-7)3 30
N 3.56x 10 x 0.70 x 0.014x 10 3 = 0.O04 rads

Total at Detector No. 4 at shelter mouth

85. 5 + 4. 75 = 90. 25 rads

N 0. 04 + 0. 04 = 0. 08 rads

Assuming an entranceway weapon burst orientatiun

(1) Transition Section - Detector No. 1

(a) Entranceway contribution (W = 0. 047 solid radians,

A B = 0 deg)

(Table 5-1
Interpolation) (Fig. 5-2)

S= 1.18 x 105  x 0.55 6.50 x 104 rads

(Table 5-1
Interpolation) (Fig. 5-2)

N = 1.73 x 104 x 0.27 =4.67x 103 rads

(b) Overhead Contribution (W = 0. 32 solid radians,

&r = 375 psf;/B = 50 deg; A S = 40 deg)

"1. 18 A 105 x0.33 x0.0018 = 7.02 x 10 rads

N = 1.73 x 10 x0.44x0.0040 3.40 x 10 rads

Total at Detector No. 1

S= 6.50x 104 +0.01 x 104 = 6.51 x 104 rads

N = 4.67x 103 + 0.03 x 103 = 4.70 x 103 rads

From Detector No. 1 to Detector No. 4, the reduction factors

for the entranceway contribution are essentially the same for the entrance-

way orientated burst as for the overhead orientation. Neglecting the incre-

mental contribution from the overhead at Detector No. 4, the radiation dose

rate is determined directly from the Rf already determined for the overhead

case. At Detector No. 4

Ent ranc eway contribution

6. 515x 104 x 85.5 = 1592 rads

0. 35 x 104
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4. 70 x 0
N = - 1 x 0.08 1.0 rads

0. 38 x 10

(c) Fallout Radiation

As outlined in Section 5. 7 and detailed in Design

Example 7.4. 1

(a) Fallout overhead shelter contribution

(w = 0.5 solid radians;p, = 750 psf; Case I)

(Free-field
dose) (Fig. 5-8) (Fig. 5-5)

"• :8.6 x 104 x 0.13 x 5x 10"8 =negligible

(b) Fallout entranceway contribution

Dose rate at Detector No. 2 = 8.6 x 104 rads

At Detector No. 3 (W = 0. 026 solid radians;pm = 75

psf, Case II)

(Free -field
dose) (Fig. 5-8) (Fig. 5-5)

=8. 6x 10 4 x 4.1 x 10-2 x 1.65 x 10 =5.80 x 102

rads

Downstream from this detector, fallout radiation is treated in the same

manner as prompt radiation. At Detector No. 3

The wurst case prompt gamma radiation

(At Detector (Fig. 5-2) (Fig. 5-2)
No. 1) No. 2 No. 3 (Fig. 5-4)

=6.51x 104  x 0.68 x 0.17 x 0.55 =4.18 x 103

rads
At Detector No. 4

0._580'x 103 x 1592 a 221 rads

4. 18 x 10

Total worst case radiation dose at entrance of shelter proper

Prompt = 1592 Prompt N = 1.0 rads

Fallout I = 221

Total 1813 rads
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(d). Radiation Barrier Shielding Design

Worst case 1( dosage at shelter entrance = 1813 rads

Radiation dosage through shelter roof for this case

1. 14 rads

Allowable dose rate through entranceway foi this

case = 40. 0 - 1. 14 = 38. 86 rads

Required R - 38.86 0.0214

From Fig. 5- 4 (Rfb = 0. 0214,/3S= 90 deg)

/ m = 400 psf

Required
400

D 400 32.0 in.

Use D = 32.0 in.

Usually, in high overpressure ranges, the radiation worst-case

is that of the entranceway orientated burst. Where this is not clearly the

case, both the entranceway and overhead orientated burst should be investi-

gated. See Design Example 7.4.4 Part B, Section (d) for detailed "worst

case" determination.

As is discussed in Example 4. 4. 1 the barrier shielding is placed

in Radiation Section (R 2 ) (see Fig. 5-7) with a flared diameter of 8. 5 ft for

a length of 9. 83 ft.

Area of barrier wall

A = Zx 1/2 x f 4.752 = 57.0 sq ft

(e) Radiation Barrier Shielding Cost Factor

Assuming f' = 2, 000 psi
c

Concrete C D 32.0
C c = Xc = x 1. 00 = 2. 6751/sq ft

Steel
D- t Xs 32.Ox0.5C D 6 -Xa 3. 0x0.... x 78. 8 fi1. 05 $/ sq ft
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Forms
Z (A + 0.0033 D S L

f AXf
Cf=2x 57.0+•. 67x8.5=28$/qf

- = Z57.0 x 1.00 = 2.80 $/sqft

Summary
Ct = 2.67 + 1.05 +2.80 = 6.52 $/sqft

CT = 6.52x 57.0 = 371 $

(f) Radiation Section - Flared S'ell Cost Factor

= 1.18 [200 (51.0 +3.0)- 30]0 =3900 psi (6-27)

Use fdc = 5000 > 3900 psi

Concrete c-3.03.0 -r-1 x 1.13 = 0. 29 $/sq ft (6-28)

Steel

C x 85.3 = 0.13 $/sq ft (6-29)

Forms
Cf = 1. 40 $/sq ft (6-30)

Summary
Ct = 0. 29 + 0. 13 + 1. 40 = 1. 82 $/sq ft (6-31)

3. Total Cost

(a) Excavation and Backfill

Assuming an existing 1:1 slope cut excavation for the shelter,

the volume of the additional excavation required can be determined from

Eq. (7-8).

(1) For Radiation Section (R 2 )

Depth of excavation at side uv shelter -. 17. 5 ft

Depth of excavation at upstream end of section = 2. 5 ft

Z = (17.5- 17.5) + (17.5 - 2. 5) 7. 5 ft
2

7.5Vol j ((9.0 x 15. 0) + (23.5 x 22. 5)) = 2485 cu ft
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(2) For Radiation Section (R 1)

Depth of excavdtion downstream end = 16. 75 ft

Depth of excavation upstream end = 2.5 ft

Average depth of Radiation Section (R 1 ) = 16. 00 ft

z = (16.00 - 16. 75) + (15. so - 2. 5) = 6125 ft
2

6.125
Vol =----- ((8.0 x 15.0) + (14. 13 x 15.0)) = 1040 cu ft

(3) For Blast Section

Depth of excavation, downstream end = 11. 5 ft

Depth of excavation, upstream end = 0. 0 ft

Average depth of Blast Section = 15. 50 ft

Z = ((15. 50 - 11.5) + (15.50 - 0)) = 9.75 ft

2

"Vol-- ((9.5 x 18.0o) + (18.5 x 26. 0)) = 3190 cu ft

(4) For Transition Section

Depth of excavation, downstream end = 15. 50 ft

Dept'a of excavation, upstream end = 5. 50 ft

Average depth of Transition Section = 11. 00 ft

Z ((11.00 - 15.50) +(11.00- 5.50)) 1.0=0.5

0.5Vol f- ((8.5x 10.0) + (9.0x 11.0)) =50 cu ft

(5) For Open Cut

Depth of excavation, downstream end = 5. 50 ft

Depth of excavation, upstream end = 0. 0 ft

Average depth of cut = 3. 0 ft

z - ((3.0 - 5. 5) + (3.0 - 0.0O -0. ZS it

Assuming 2:1 side slopes of open cut

Sz- ((2.5 x 9.0) + (3.0 x 9.25)) 10 cu ft

I
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Total volume of additional excavation

Radiation Section (R 2 ) = 2485 cu ft

Radiation Section (R 1) = 1040 cu ft

Blast Section - 3190 cu ft

Transition Section - 50 cu ft

Open Cut = 10 cu ft

Total 6775 cu ft

Entrance Structure Volume

Radiation Section (R 2 ) = ' x (4. 5)2 x 10.0 = 635 cu ft

Radiation Section (R) 17' x (4. 0)2 x 15.0 = 754 cu ft

I/ x(4.0) 2x 5.0 = 252cuft

Blast Section i' x (4.25)2 x 18.0 = 1025 cu ft

Transition Section if x (4. 25)2 x 13.0 = 750 cu ft

Open Cut = 1/4 x (27.5 + 2.5) x 6.0 50 cu ft

Total = 3466 cu ft

Volume of Backfill

6775 - 3466 = 3309 cu ft

(b) Open Cut Section

Slope surface area requiring stabilization, assuming a 2: 1

slope

13.5 x 8.5 x 1/2 = 115 sq ft

Assume slope stabilization will consist of 3 in. concrete slab or equivalent

Cf = 0. 75 $/sq ft

CT= 0. 75 x 115 = 87 $

Stair costs from Section 2. 2. 9

CT= 9 steps at 18.00 $/step = 162 $

(c) Emergency Exit

The 100 Man shelter serviced by a blast-resistant entrance-

way requires one emergency exit. From Table 7-2, the required length of

emergency exit is assumed equal to the depth to entrance level. Unit cost

from Section 2. 8. 4

C T= 14.00 x 17.75 = 248 $
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Total Cost

Surface Transition Section (Open Cut)

Side Slope Stabilization - 87

Stairs 0 steps at 18 $/step = 162

Depth Transition Section

Prestressed Concrete Cylindrical Shell
3.62 x 8.25 x i' x 13.0 = 1220

Stairs 13 steps at 18 $/step - 236

Blast Section

Prestressed Concrete Cylindrical Shell
3.62 x 8.25 x if x 11.30 1060

Prestressed Concrete Tension Rings
12. 17 x 8.75 x if x 2 668

Concrete Frame Beams Between Rings
4.62 x 1. 82 x 2 - 17

Prestressed Concrete Blast Door - 68

Blast Door Support Channels - 74

Blast Door Roller Supports - 210

Blast Door Latch - 95
2

Structural Steel Dome End 3. 53 x 2 x If x (5. 81) = 748

Structural Steel Dome End Support Ring
4.94 x fx 11.62 = 181

Radiation Section

Reinforced Concrete Cylinder 45. Z5 x 20. 16 - 913

1.82 x:ff x 9.0 x 9.84 - 505

Radiation Barrier Wall - 371

Emergency Exit - 248

Excavation 0. 036 x 6775 = 244

Batgkfill 0.033 x 3309 - 109

Haul 0.026 x 3466 - 91

Total $ 7273I
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7.4.3 Compression Cylinder (Sample Analysis and Cost Evaluation)

TRIAL DESIGN 7.4.3 - 325 C2 Nonflare

CONFIGURATION

One story cylinder (Fig. 7-12)

STRUCTURAL SYSTEM AND INPUT PARAMETERS (Fig. 7-3)

Transition Section -

Material: Prestressed concrete cylinder

Orientation: Makes ',,39 deg angle with horizontal plane and
is perpendicular to the long axis of the shelter

Dimension: I. D. 8 ft-O in.; length 13 ft-O in.; change in eleva-
ticn between entrance and exit 8 ft-3 1/2 in.

Primary Design Load: qI = 772 psi; qEd = 325 psi

Blast Section -

Material: Reinforced concrete cylinder

Orientation: Parallel to long axis of shelter; horizontal change
in elevation between entrance and exit 3 ft-3 in.

Dimension: I. D. 8 ft-6 in. ; length 13 ft-O in. ; dome end I. D.
8 ft-6 in. ; overall length 18 ft-O in.

Primary Design Load: qEd = 772 psi

Radiation Section (R 1 ) -

Material: Reinforced concrete cylinder

Orientation: Parallel to long axis of shelter; horizontal; change
in elevation between entrance and exit 0 ft-6 in.

Dimension: I. D. 8 ft-0 in.; length 16 ft-0 in.

Primary Design Load: qEd = 325 psi

Radiation Section (R 2 ) -

Material: Reinforced concrete cylinder

Orientation: Perpendicular to long axis of shelter; horizontal;
change in length between entrance and exit 0 ft-6 in.

Dimension: I. D. 8 ft-0 in.; length 16 ft-0 in.

Primary Design Load: qEd z 325 psi

Note: These dimensions may require subsequent modification due to
radiation design requirements.

Shelter -

Capacity: 500 Man (Table 7-2)
Primary Design Load: qEd = 325 psi
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1. Blast Analysis

(a) Transition Section: Design of Cylindrical Shell, Prestressed

Concrete

Assume D = 8.0 in.; f' = 6000 psiC

6 SL 48.0-=6.0 <10.0
I 8.0

.. requires thick wall analysis

From Section 6. 3 as detailed in Trial Design 7.4. 1 - 325 Al (Part A (a))

FromEq.(6-15) FromEq.(6-13)

qEp =359 psi > qEp = 314. 3 psi .. OK

From Eq. (6-17)

qEp 457 psi > 359 psi ,: OK

.. Use D = 8.0 in.

From Eq. (6-16)

T = (48.0 + 8. 0) 359 = 20, 100 lb/in. (6-16)sp

Assuming a /2 in. 6 K270 prestressing steel strand from Table 2-7

F = 23, 150 lb/strand
sp

T 12x 20, 100
."sp 23, 150 = 10.4 ft/sq ft of shell (6-18)

(b) Transition Section: Cost Factors foi- Cylindrical Shell,

Prestressed Concrete

From Section 6. 2. 2

Concrete 8.0
c - Ty x 1. 30 = 0.87$/sq ft (6-19)

Steel Cs 8.0Ox 06
C= - .O .- x 85.8 = 0. 35 $/sq ft (6-20)

Prestressing Steel Csp = 10.4 x 0.19= 1.98 $/sq ft (6-21)

Forms
cf = 1.40 $/sq ft (6-22)
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Protective Covering

Cg = 0.30 $/sq f: (6-23)

Summary

Ct = 0.87 + 0.35 + 1.98+ 1.40 + 0.30 = 4.90 $/sq ft (6-24)

(c) Blast Section: Design of Cylindrical Shell, Reinforced

Concrete

Assume reinforced concrete fV = 7500 psi; f 60, 000 psi;
dc dy

6t = 0.5 percent; D = 7.0 in.[ (6 sL + D) 1
Required D = q .(68 f + D) (6-26)

[ . 85c + 0.1 6t I

D 772 (58.0) = 6.45 in. < 7.06638 + 300

.,, Use D 7. 0 in.

(d) Blast Section: Cost Factors for Cylindrical Shell,

Reinforced C'oncrete

C 7.0 1.30 = 0. 76 $/sq ft (6-28)c 12

C 7. 0 x 0. 6 x 85. 8s 1200 = 0.31 $/sq ft (6-29)

Cf = 1.40 $/sq ft (6-30)

Ct 0.76 + 0.31 + 1.40 = 2.47 $/sq ft (6-31)

(e) Blast Section: Design of Compression Ring, Reinforced

Concrete

Assume b = 15.0 in. ; D = 15.0 in.

D 36 q, (LS + b/6) SL(cylinder) (6-153)(ring) 0.85 b %c

D = 36 x 772 (6. 16) x 8.5 =14.95 in. - IS.0 OK0.85 x x x 7500

From Eq. (6-66) 6 vt < 0.0 .'. No torsion steel required
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(f) Blast Section: Cost Factors for Compression Ring,

Reinforced Concrete

ConceCe15.0 x 15.0c -C 15.0 5.0x 1.30 = 2.03 $/ft (6-157)c 144

Steel 1 10 x15.0 x15.0
C 0 1540x0 x 85.8 = 1.34 $/ft (6-158)

Forms C 15.0x 15.0

C= 6 0 x 15. 0 x 1. 00 = 5.00 oS/ft (6-159)

Summary
C = 2.03 + 1. 34 + 5. 00 = 8.37 $/ft (6-160)

(g) Blast Section: Design of Beam Member Between Rings

Assume reinforced concrete beam with b = 10. 0 in.;

D = 15.0 in.; 6 0.75; f 75,000 psi; f' = 6000 psi
v dy cD1/36. 1[6 + + (shell))fdy 1/

Requied d36. 5 L S 6(qEs +qEd) (SL +-~hl))d

Required d = 5+0.0209 6 fdy] b fVv c

(6-165a)

1045+ 1 095) (0 x 6000 7,13.42 in.

D =13.42 14.9 in. < 15.0 .. Use D = 15.0 in.
0.9

To determine moment steel

1045 + 0.0209 6v fdy
e fdy c(6-135)

1I045 + 0. 0209 x 0. 75 x 75, 000 ]275,00000=.1
6e = . . . x 60.00 = 5.17

percent

(h) Blast Section: Cost Factors for Zeam Member Between Rings

Concrete c 10.x 15.0 x 1.30 = 1.36$/ft (6-167)

Moment Steel 5. 17 x 10.0 x 15.0

1s 0,650 x85.8 6.27$/sqft (6-168)
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Diagonal Tension Steel

C 0.75x 10. x 15.0 o. 196 x 0. 75 + 0. 347 x 92.5 = (6-169)

5. 61 $/ft

Forms 10+15)

= 6 x 1. 00 = 4. 17 $/ft (6-170)

Summary
Ct = 1. 36 + 6.27 + 5.61 + 4. 17 = 17.41 $ift (6-171)

(i) Blast Section: Design of Reinforced Concrete Dome End

From Section 6.5. 1, q must exceed qI

Assuming D = 4.0 in.; 'dc = 7500 psi; fdy = 60, 000 psi;

t= 1.0

qc [ D fc +0.002 (6-39)

q 6 x +4.0 1.[70 x 7500 x 0.002 x 1.0 x 60,00]=
910 psi

910> 772 ". OK

(j) Blast Section: Cost Factors for Reinforced Concrete Dome End

Concrete 4.0C = x 1 30 =0. 44$/sq ft (6-28)
c 12

Steel

C 4.0 2- .0 x 85.8 = O. 29 $/sq ft (6-29)s 1200

Forms
Cf = 1. 75 (6-30)

Summary
Ct = 0.44 S 0.29 + 1.75 = 2.48 $/sq ft (6-31)

(k) Blast Section: Design Lf Prestressed Concrete Blast Door

The blast door is designed as a prestressed concrete shell

segment. Assume D - 18. 0 in.

For: S L/2 5.58 ft L : 3.66 ft ,z :0.312 K20 :0.,025

LL - 9. 6 6 ft A =0.380 K1 0  0. 1127 A2 :0.145
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S 86.4x0.1127x772x13.4x 1.32 (139 )J (6-119)

[(0.45 x 6000) + 234]

D= 17. 1 <18.0 .'.OK

Assuming 1/2 1 270 K prestressing strand

270 V' D
0 fc 2.703x -000 x 18.0.Isp - - - 8.1I0 ft/sq ft

spF s2 '3-, 5)sp

The required percentage of longitudinal steel
772 x 3. 6600. x r8 [ 0.3801

=cL 17,800 x 0. 025 x 60, 36 1 0950= 0.095
L 6j (6-120)

6cL = 0. 095 < 0. 225

:. No additional steel required.

Check for pure shear failure

D= 30 x 772 x 3.67 14. 15 < 18.0 ., OK (6-123)

(t) Blast Section: Cost Factors for Blast Door

Concrete

C 182 x 1.30 = 1.95 $/sq ft (6-124)
c 12

Reinforcing Steel

C = 18.0x0.45x85.8 =0. 58/sqft (6-125)s 1200

Prestressing Steel

Csp = 8. 10 x 0. 19 = 1.54 $/sq ft (6-126)

Forms
Cf = 1.40 $/sq ft (6-127)

Summary C = 1.95 + 0.58 + 1.54 + 1.40 = 5.47 $/sq ft (6-128)

Total area of door, including 3. 0 in. overlap on all sides

(LS+0.5) x (LL +0. 5) = (4.16x 10.16) =42.3 sq ft

CT = 5. 4 7x 4 2.3 = 231 $
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((m) Blast Section: Design of Blast Door Support Hardware

No Standard American channel can accommodate an 18. 0 in.

door width. Assume a built-up channel section, with a knee brace support

at the center of the web which effectively reduces web space to 18. 250/2 =

9. 125 in.

Bending

w 50,000 = 0. 905 in. required

Assume a built-up channel member

Flange b - 4.0 in. ; Web b = 18. 250 in.; cross-sectional area = 26.25 sq in.

Flange t 1.00 in.; Web t = 1.00 in.; Weight = 3.4 x 26.25 = 89.4 lb/ft

The channel sections along the sides and top of the door could be somewhat

reduced in section, since they do not carry the full weight of the door. How-

ever, it is assumed for cost purposes that the reduced cost of these sections

is balanced by the knee brace cost.

Length of channel required

4 (LS + 0.5) + 2 (zL + 0.5) = 4 (4. 16) + 2 (10. 16) = 36.97 ft

(n) Blast Section: Cost Factors for Blast Door Support Structure

Hardware

(I) Channels

From Table 2-2 X = 0. 207 $/lb for f = 50, 000 psi5 y
CT = 0.207 x 89.4 x 36.97 = 683 $

•2) Roller Supports

From Section 2. 8. 2

CT = 30 x 2x 18 = 1080 $

(3) Blast Door Latch

From Section 2.8. 3

CT = [zs.00 + 180] x(2)/2 290 $

Note: A steel blast door of 10 Jr 9 wide flange sections would also be
suitable for ,v 10 percent additional cost of door and hardware.
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(o) Radiation Section: Design of Reinforced Concrete Cylindrical

Shell

Assuming minimum D = 3. 0 governs design

dc . 8 [5 . 3 0 0 ] = 6150 psi (6-27)

Use f'= 6250 > 6150 psi
dc

(p) Radiation Section: Cost Factors for Cylindrical Shell

From Table 7-5

CT = 51. 70 $/ft

2. Radiation Analysis

(a) Prompt Radiation Overhead Shelter Contribution

As outlined in Section 5. 3. 2

For overhead burst orientation (Bp = 20 ft; H =155 ft; Z=6.Oft;

,. co= 0. 67 solid radians; 3 B = 0 deg; /3S= 90 degl;?m; 1000 psf;

W = 1 MT; pso = 200 psi)

= 1.45 x 105 x0.96x 5 x 10-5 = 6.95 rads

N 2.27 x 104 x0.88 x 0.04x 10-4 = 0.08 rads

For entranceway burst orientation (Bp = 20 ft; Hp = 155 ft;

Z = 6. 0 ft;.'.W = 0. 67 solid radians; 13 B = 50 deg;

A S= 40 deg;,m = 1000 psf; W = 1 MT; pso = 200 psi)

*= 4.58 x 105 x0.55 x 0. 1 x 105 = 0.25 rads

N 1.29x 105x0.82x 0.15 x 10"5 = 0.16 rads

(b) Prompt Radiation Entranceway Contribution

For overhead burst orientation

(1) Transition Section - Detector No. I at bottom of stairs

3. 0 ft above floor

Entranceway contribution (rm = 4.0 ft; Z = 13.0 ft;

.,W: 0.051; /3B 50 deg)
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1.45x 10 5 x0.055 = 7.98x 103 rads

N =2.27x 104x0. 11 = 2.50 x 103 rads

Overhead contribution (B= 8. 0 ft; Hp 10. 0 t; Z 5.0 ft;

W 0. 34 solid radians;/Pm = 450 psf; /3B = 0 deg;13S = 90 deg)

S= 1.45 x 10 5 x 0.86 x 0.0 135 = 1.68 x 103 rads

N:- 2.27x 104 x0.68 x0.004 = 6.18 x 10 rads

Total: W = 7.98 + 1.68 = 9.66 x 103 rads

N = 2.50 +0.06 = 2.56x 103 rads

(2) Blast Section - Detector No. 2 Center of Blast Cylinder

Entranceway contribution (r = 4. 00 ft; Z = 6. 0 ft;m

.' W 0. 180; 1o m 275 psf; 10B = 0 deg; 3 S =90 deg)

S9.66 x 103 x0.78 x 0. 14 -1.06 x 103 rads

N 2.56x 103 x0.52 x0. 10 1.33 x 102 rads

Overhead contribution (B = 8.25 ft; Hp = 15.0 t;

Z=5. 25; .', . 0. 3 5 ;13B = 0 deg; As= 90 deg; 3o =1100 psi)

I - 1.45 x 105 x0.86x 1.9 x 10-5 = 2.37 rads

N = 2.27x 104 x0. 68 x4.0x negligible

Total: I = 1.06 x 103 rads

N = 1.33 x 102 rads

(3) Radiation Section (R) - Detector No. 3 at downstreamI

end 3. 0 ft above floor

Entranceway contribution (rM = 4. 00 ft; Z = 23. 0 ft;

W= 0.015; Ric 0. 1; Rfw = 0.083; w' = 0.0015;f3B =0 deg)

"* = 1.06x 103 x 0. 12 = 1.27 x 10 rads

N z 1.33 x 102 x 0. 14 x 0.083 1. 55 rads

IIT RESEARCH INSTITUTE

7-82



Overhead contribution (B = 8. 0 it; H = 16. 0 ft;P P

Z = 5.0 ft; = 0.35;B = 0 deg; 13S = 90 deg; /0 m 1175 psf)

" =1. 455x 105x 0.86x 1.0x 10-5l •.510x.6x xO =l1.25 rads

N 2.27 x =x 2.0 x 10-6 = negligible

Total: I = 1.27 + 0.01 = 1.28 x 102 rads

N = 1.55 rads

(4) Radiation Section (R2 ) - Detector No. 4 at downstream

end 3. 0 ft above floor

Entranceway contribution (rm = 4. 00 ft; Z = 16. 0 ft;

0.032;R = 0.5; Rfw =0.16; .w' 0.01 6 ; 13 B deg)

= 1.28x10 x 0.49 = 62.7 rads

N = 1. 55 x 0. 22 x 0. 16 = 0.055 rads

Overhead contribution (B = 8. 0 ft; H = 16. 0 ft;p P

Z = 5.0 ft;. • = 0.35; /3 B = 0 deg; t3S = 90 deg; pom = 1250 psf)

"= ^0 1.0 rad

N = negligible

Total: I = 62.7 + 1 = 63.7 rads

N = 0. 055 rads

For Entranceway Weapon Burst Orientation

(1) At Detector No. 1

Entranceway contribution (rrn = 4. 0 ft; Z = 13. 0 ft;

Q.-. t = 0.051; /3B = 0 deg)

S=4.58x 105 x0.57 = 2.62x 105 rads

N 1. 29 x 105 x0.28 = 3.61 x 104 rads

Overhead contribution (B = 8. 0 t; Hp = 10. 0 ft; Z 5. 0 it;

•, =U0.34; A B SO deg; ,US =U 40 deg; * =450 psf)
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I = 4.58 x 105x 0.5x0.0006 = 138 rads

N = 1.29 x 105 x 0.52 x 0.0015 = 101 rads

Total: I = 2.62 x 105 rads

N = 3.61 +0.01 = 3.62x 10r4 ads

From Detector No. 1 to Detector No. 4, the reduction factors for the entrance-

way contribution are essentially the same for the entranceway orientated

burst as for the overhead orientation. Neglecting the incremental contrib-

ution from the overhead at Detector No. 4, the radiation dose is determined

directly from the Rf already determined for the overhead case.

At Detector Nu,. 4

Entranc eway Contribution

2. 62 x 1055 x 62.7 1700 rads

0.0966 x 60

3.61 x l04
N 3.56x x 0. 055- 0.78 rads0. 256 x 10 4

(c) Fallout Rijdiation

As outlined in Section 5. 7 and detailed in Design Example

7.4.1
Fallout Overhead Shelter Contribution

-= 0.67; 1 1000 psi; Case I)

"• 8.6 x 104 x.2x2x10 negligible

Fallout Entranceway Contribution

At Detector No. I ' dose rate = 8. 6 x 104 rads

At Detector No. 2 (w= 0. 18;Pm = 225 psi; Case 11)

8.6 x 10 x 0. 15 x 0. 0055 = 71 rads

Downstream from this detector fallout radiation is

treated in the same manner as prompt radiation.

At Detector No. 4
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.=0. 071 x I0 3

001 -03 x 62.7 = 4. 2rads1. 06x 10

Total worst case radiation dose at entrance to shelter proper

Prompt I = 1700 Promnpt N = 0. 78 rads

Fallout 1' = 4

Total = 1704 rads

Note: See Design Example 4.4.4, Part B, Section (d) if worst-
case dose is not apparent by inspection.

(d) Radiation Barrier Shielding Design

Worst case I dosage at shelter entrance = 1704 rads

Radiation dosage through shelter roof for this case
0.41 rads

Allowable dosage through entranceway for this case
40.0 - 0.41 = 3959 rads

Required Rf 395 = 0. 0232fb 1704

From Fig. 5-4 tRfb = 0. 0232; As = 90 deg)

*m = 320 psf

Required T) = 32-0 --- 25. 6 in.12. 5

Use D 26. 0 in.

As in Design Example 4.4. 1 and 4.4. 2, the barrier shielding is placed in

Radiation Section (R 2 ) (Fig. 5-7) with a flared diameter of 10.0 ft for a

length of 10.00 ft

Area of barrier wall

A -- 2 x 1/2 x7fxS. 0z = 78.2 sq ft

(e) Radiation Barrier Shielding Cost Factor

Assuming f' = 2000 psi
c

Concrete D 26.0Cc ; T I X c z = x 1. 00 = 2. 175$/sq ft
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Steel D "t Xs 26.0xO. 5x 78.8

c s= -6.x2-5x7- 8 10.86$/sqft

Forms (A + 0.0833 D SL)

cf- A xf

Cf- 2x (78.82 + (2.16 x 10.0)) x 1.00 = 2.55 $/sq ft
umr78.2

Ct = 2. 17 + 0.86 + 2. 55 = 5.59 $/sq ft

C 5 59 x 78.2 = 437 $T

(f) Radiation Section - Cost Factors for Flared Shell

1. = 325 (60. 0 + 4.0 0 300)J = 5770 psi (6-27)

Use f' = 6250> 5770 psidc

Conc rete 4.0
C - 12 x 1. 21 = 0.41 $/sq ft (6-28)c 12 "

Steel

C = 4.0 xO.6x85.8 = 0. 18 $/sq ft (6-29)
s 1200

Forms
Cf = 1. 40 $/sq ft (6-30)

Summary
Ct = 0.41 + ¢. 18 + 1.40 = 1.99 $/sq ft (6-31)

3. Total Cost

(a) Excavation and Backfill

Assuming an existing 1:1 slope cut excavation for the shelter,

the volume of the additional excavation required can be determined from

Eq. (7-8).

(1) For Radiation Section (R 2 )

Depth of excavation at side of shelter = 22. 0 ft

Depth of excavation at upstream end of Section = 6. 0 ft

Average depth of Radiation Section (R 2 ) = 22. 0 ft

Z -= (22.0 - 22.0) + (22.0 - 6.0)= 8. 0ft
2
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Vol 8.0 ((10.5 x 16. 0) + (26.5 x 24.0)) = 3212 cu ft

(2) For Radiation Section (R 1 )

Depth of excavation at downstream end = 22. 0 ft

Depth of excavation at upstream end = 6. 0 ft

Average depth of Radiation Section (R 1 ) = 20. 5 ft

Z = (20.5 - 22.00) + (20.5 - 6.0)= 6.50 ft
2

Vol = - ((8.5 x 16.0) + (21.5 x 22. 5)) = 2015 cu ft
2

(3) For Blast Section

Depth of excavation at downstream end = 20. 5 ft

Depth of excavation at upstream end = 6. 0 ft

Average depth of Blast Section = 20. 5 ft

Z = (20.5 - 20.5) + (20.5- 6.0) = 7.25 ft
2

Vol =--Z ((9.0 x 18.0) + (23.5 x25.25)) = 2740 cu ft

(4) For Transition Section

Depth of excavation, downstream end = 15. 5 ft

Depth of excavation, upstream end = 5. 5 ft

Average depth of Transition Section = 11. 0 ft

(11..0 - 15.5) +(ll.0 - 5.5) 0.5 ft
2

Vol =0-5 ((8.5x 10.0) +(9.5x 11.0)) = 25 cuft
2

(5) For Open Cut

Depth of excavation, downstream end = 7. 0 ft

Depth ol excavation, upstream end = 0. 0 ft

Average depth of cut = 3. 5 ft

Z = ((3.5 - 7. 0) + (3.5 - 0. 0)) _ 0. 0 ft2

Vol =0.0 cuft
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Total volume of additional excavation

Radiation Section (R 2 ) 3212 cu ft

Radiation Section (R)1 2015 cu ft

Blast Section - 2740 cu ft

Transition Section = 25 cu ft

Open Cut 0 cu ft

7992 cu ft

Entrance structure volume

Radiation Section (R 2 ) 1fY x (5. 33)2 x 10. 0 = 893 cu ft
2i x (4.50) x 6.0 = 381 cu ft

Radiation Section (R.) = 1Y x (4.5)2 x 16.0 1015 Cu ft

Blast Section = If x (4.83)2 x 18. 0 = 1320 cu ft

Transition Section = if x (4.66)2 x 13. 0 = 885 cu ft

Open Cut 1/4 x (28. 5 + 3.66) x 6.5 = 53 cu ft

4537 cu ft

Volume of Backfill 7992 - 4537 = 3455 cu ft

(b) Open Cut Section

Slope surface area requiring stabilization assuming a 2:1
slope

15.0 x 9.0 x 1/2 x 2 = 135 sq ft

Assume slope stabilization consisting of 3 in. concrete slab

or equivalent
C = 0.75 $/sq ft

CT 0.75 x 135 = 102 $

Stair costs from Section 2. 2. 9

CT = 10 steps at 30 $/step = 180.00 $

(c) Emergency Exit

The 500 man shelter serviced by a blast-resistant entrance-

way requires two emergency exits. From Table 7-2, the required length

of emergency exit is assumed equal to the depth to entrance level. Unit cost

from Section 2.8.4
CT = 14.00 x 19.00 = 266$
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Total Cost

Surface Transition Section (Open Cut)

Side Slope Stabilization = 102

Stairs 10 steps at 30 $/step = 300

Depth Transition Section

Prestressed Concrete Cylindrical Shell
4.90 x 9.33 x e x 13.0 - 1867

Stairs 13 steps at 30 $/step = 390

Structural Steel Blast Expansion Ring
2.90 x 9.33 x i' x 2.5 212

Blast Section

Reinforced Concrete Cylindrical Shell
2.37x 9.33 x1 x 9.23 668

Reinforced Concrete Compression Rings
8.37 x 8.50 x f x 2 447

Concrete Frame Beams Between Rings
17.41 x 3.66 x 2 = 128

Prestressed Concrete Blast Door = 231

Blast Door Support Channels = 683

Blast Door Roller Supports - 1080

Blast Door Latch = Z90

Reinforced Concrete Door Sleeve = 462

Reinforced Concrete Dome End
2.48 x 2 x If x (4.83)2  

- 363

Stairs 5 steps at 30 $/step = 150

Radiation Section

Reinforced Concrete Cylinder 51.70 x 22.00 1138

1. 99 x if x 10.66 x 10.00 = 666

Radiation Barrier Wall = 437

Emergency Exit 2 x 266 - 532

Excavation 0. 36 x 799Z = 288

Backfill 0.33 x 3455 1 113

Haul 0. 26 x 4537 = 120
Total $ 10,528
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7.4. 4 Tension Cubicle (Sample Analys s and Cost Evaluation)

TRIAL DESIGN 7.44 - b0 D4

CONFIGURATION

One story cubicle (Fig. 7-13)

STRUCTURAL SYSTEM AND INPUT PARAMETERS (Fig. 7-4)

Transition Section -

Material Reinforced concrete cubicle

Orientation: Makes ~ 39 deg angle with horizontal plane and
is perpendicular to long axis of the shelter

Dimension: H 8 ft-0 in.; B 7 ft-4 in.; length 11 ft -0 in.;
change in elevation between entrance and exit
7 ft-l 1/2 in.

Primary Design Loads: ql = 103 psi; q = 50 psi

Blast Section -

Material: Reinforced concrete cubicle

Orientation: ,-. Horizontal; perpendicular to long axis of shelter

Dimension: H 8 ft-0 in.; B 7 ft-4 in.; length 17 ft-6 in.

Primary Design Loads: ql = 103 psi; qEd= 50 psi

Radiation Section (R 1 ) -

Material: Reinfcrced concrete cubicle

Orientation: -v Horizontal, parallel to long axis of shelter

Dimensions: H 8 ft-0 in.; B 7 ft-4 in.; length 16 ft-0 in.

Primary Design Load: qEd = 50 psi

Radiation Section (R 2 ) -

Material: Reinforced concrete cubicle

Orientation: -,v Horizontal; perpendicular to long axis of shelter

Dimension: H 8 ft-0 in.; B 7 ft-4 in.; length 16 ft

Primary Design Load: qEd = 50 psi

Note: These dimensions may require subsequent modification due
to radiation design requirements.

Shelter -

Capacity: 1000 Man (Table 7-2)4 Primary Design Load: qEd = 50 psi
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1. Blast Analysis

(a) Transition Section: Design of Reinforced Concrete Slab

qdesign = q, - qEd - qE-

Neglecting qEs
q = 103 - 50 = 53 psi

From Fig. 7-3 (q = 53 psi; 4 lane entranceway, V = 6000 psi; f = 75,000 psi)
c dy

D = 8. 0 in.

Assume a linear variation of 4R in zone A-B

43
R = o.65 + 67 x 0.60 = 1.05 percent

d = 0. 9D = 7. 2 in.

(b) Transition Section: Cost Factors for Reinforced Concrete Slab

From Section 6. 2. 2

Concrete 7.2

C1.30 = 0.87 $/sq ft (67

Moment Steel 7.2 7, 0001
Cs 1.05 x 7.2 1.531+0.00334x 6000 x 85.8 1.$06 (6-4a)

s -1-200 - 600-0 j$/sq ft

Tie Steel
C 7. x 0. 2 x 78.8= 0. 11 $/sq ft (6-5)

st 10,800

Forms

Cf 1.00 $/ sq ft (6-6)
Sumnmar y

Ct - 0.87 + 1.06 + 0. 11 + 1.00 = 3.04 $/sq ft (6-7)

(c) Blast Section: Design of Reinforced Concrete Slab

Same as Section (a)

(d) Blast Section: Cost Factors fur Reinforced Concrete Slab

Same as Section (b)
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(e) Blast Section: Design of Reinforced Concrete Blast Door

Support Frame Design

In th~s example, the short span of the door is in the vertical

direction. The bulk of the blast door loading is thus carried by the hori-

zontal framing members which run parallel to the long axis of the shelter.

These members, in turn, frame into the vertical members which run along

the vertical edges of the doorway. The actual distribution of the load which

is carried by these vertical members is a function of relative displacements,

and is beyond the scope of the simplified analysis used in this study. For

the range of dimension parameters encountered in these examples, it is

conservative to neglect two way action and to assume the same design

requirements for the vertical and the horizontal members.

From Section 6. 2. 2, the design of the horizontal member is

as follows:

R dd [ 36.5 1 [2q(6Ls 1fb) f 1dy 1/2

Reuired [l1045 + 0.0209 6 fdyJ 6f' J(6-136

Assume D = 18.0 in. 1' = 6000 psi; f -Z 75, 000 psi; -- 0. 15;
c dy v

x 7.33 103(6 x 6.50 + 12.0) 75,000 1/2d - 1045 + 393 12.70x 6000 15.45

D 1. = 17.20 < 18.0 .'. OK Use D = 18.0 in.0. 9

[1045 +0. 02096 f ]2S: " ,,dy f,(6-1:35'
e fdy c

= 1045 +235 ]2
1750 + J x 6000 1. 75 percentbe L 75, 000o

600 qIb LS - 70 b2 D (f') 2/3
£ c (6- 13"'

vt 
b Zb D fdy

v -(600 x 103 x 12 x 6. 50) - (70 x 144 x 18 x 330) • 0
it 144 x 18.0 x 60.00
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.'. No 6vt required

Design of horizontal tensile strut

36 q, (Ls + b/6) HRequired D = (6- 140b)
strut (0.45 f' + 3 'F1 ) b strut

CC

In this instance replace LS with L L

36 x 103 x (7.33 + 2.0) 8.0(0.45 x 6000 + 234) x 12.0

Use D =8.0in.

T 0.45 f' D strut (6-140a)
sp c

T =21,600 lb
sp

bT
L -p sp (6-141)

sp

Assuming 1/2 i 270 K prestressing strand

L = 12.20 x021, 600 = 11. 13 ft/ft

(f) Blast Section: Cost Factors for Blast Door Support Frame,

Vertical and Horizontal Framing Members

Concrete 120 x 18.0 (6-143)

c 144 x 1.30 1.50 $/ft

Moment Steel
Cs 1.751 x 12.0x 18.0

C = 7 5x10 x 1 x 85.8 = 3. 12 $/ft (6-144)

Shear Steel

015 x 18.00 0. 196 x 0.15 + 0.347 x 92.5 = 1.26 (6-145)00 1O 1 Js/ft

Forms 2 1.00 = 5.00 (6-146)

Summary
Ct = 1.50 + 3. 12 + 1.26 + 5.00 = 10.88 $/ft (6-147)
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Horizontal Member (Tension Strut)

Conc rete 18.0 x 12.0'
C = 144 0 x 1.30 = 0. 87 $/ft (6-148)C 144

Prestress Steel
C sp 11. 13 x 0. 19 = 2. 12 $/ft (6-150)

Forms C 1.+60
Cf 1 16. o x 1.00 = 2. 50 $/ft (6-151)

Summary
Ct = 0.87 + 2. 12 + 2.50 = 5.49 $/ft (6-152'

(g) Blast Section: Design of Prestressed Concrete Blast Door

Assume fV = 6000 psi; = 6.5/7.33 = 0. 890; 1/d = 1/12dc

,. From Table 6-3, Ki0 = 0.052

- 864t q, K10 1/2t

Required D = L [ 6 1 (6-91)
0.45 f + 3"V'c "c

D8 6 4 x 103 x 0.0520 1 1/2
D-6.50 2700+2�4 J 8.17 in.

.. Use D = 9. 0 in.

2. 70 f' D
L c (6-921

sp

Assuming 1/2 4 270 K prestressing strand

L =2.70 x 6000 x 9.0 50
sp 23, 150 - 5.60 it

In this case, the bending moment in the long directinn is approximately the

same as for the short direction. Accordingly, prt stressing steel is used in

both directions.

Effective D = 6. 50 8640x 10 3 x 0. 438 I/2 - 6. 75 in.[ 2700 + 234 j

2. 70 x 6000 x 6. 75
sp 2 150
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Check for pure shear

Required D 30 q (6-96)
Dshear i f

c

D = 30 x 103 x 6. 50 - 3.30 -9.0 in. OK
6000

(f) Blast Section: Cost Factors for Blast Door

Concrete

C =90 x 1. 30 = 0.98 $/ft (6-97)

Prestress Steel

C = (5.60 + 4.70) x 0. 19 = 1.96 $/ft (6-99)
sp

Forms
Cf = 1. 00 (6-100)

Summary

Ct = 0.98 + 1.96 + 1.00 = 3. 94 $/sq ft

Total area of door includes 3. 0 in. overlap on all sides

(LS +0.5) x (LL + 0. 5) = (7.0 x 7. 83) = 54. 80 sq ft

CT = 3. 94x 54.80 = 216$

(g) Blast Section: Design of Blast Door Support Structure

Hardware

Assume the use of American Standard Channels. Requirement

for web length between flanges d w 9.0 in. Try 12 in. channt.!

S785( 9.075) 0.455 (6-131)

Use 12 U30 since 0.50 > 0. 455

Total length of channel required

4 (L L + 0.5) + Z(LS + 0.5) = 4 (7.83) z 2 (7.0) = 45.4 zt
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(h) Blast Section: Cost Factors for Blast Door Support

Structure Hardware

(1) Channels

From Table 2-2 X = 0. 207 $/lb for f = 50, 000 psis y

CT = 30.0 x 0.204x45.4 = 278k$

(2) Roller Supports

From Section 2. 8. 2

CT = 3 0 nL D = 30 x4 x 9.0 = 1080 $

(3) Blast Door Latch

From Section 2. 8. 3

CT ' [25.00 + 10D] nl/' = (25. 00 + 90.00)xZ = 230 $

(i) Radiation Section: Design and Cost Factors for Compression

Cubicle

From Table 7-5,

Cost $/ft of cubicle = 64.80 $

Although this is slightiy more than the equivalent cylinder cost per foot, the

cubicle is the less expensive of the two when excavation costs and overall

lengths of section are determined.

2. Radiation Analysia

(a) Prompt Radiation Overhead Shelter Contribution

As outlined in Section 5. 3. 2

For overhead burst orientation (Bp = 90 ft; H 7 96 ft,p p

Z 5.0 ft; .:-& 0.903 solid radians; /3, = 0 deg; 4S = 90 deg; Ar = 450 psi;

W I MT; pso 32 psi)

I = 865 x 0.99 x 0. 014 i.,.. J r.ae

N 9. 6 x 0. 99 x 0. 003 = negligible
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For entranceway burst orientation (Bp = 90 ft; H = 96 ft;
"p p

Z =5.0 ft; w = 0.903 solid radians; /3B 50 deg;As = 40 deg;/3m =450 psi;

W = 1 MT; P 0so 32 psi)

S= 1380 x 0.94 x 0. 0008 = 1. 03 rads

N = 20.8 x 0.95 x 0. 00015 = negligible

(b) Prompt Radiation Entranceway Contribution

For overhead burst orientation

(1) Transition Section - Detector No. 1 at Uottom of stairs

3.0 ft above floor

Entranceway Contribution (B = 7. 33 ft; H = 8. 0 ft;P p

Z = 9. 0 ft;'. t. - 0. 10 solid radians; /3 B = 50 deg)

= 865 x 0. 10 = 86. 5 rads

N =9. 6 x 0. 19 = 1. 83 rads

Overhead Contribution (B = 7. 33 ft; H = 8. 00 ft;P P

S = 5.0 ft;... 0.25 solid radians; 3m = 250 psf; 3B = 0 deg; 3 S = 90 deg)

865 x 0.82 x 0. 11 = 78 rads

N =9.6 x 0.6C x 0.06 = 0.01 rads

Total
S= 86.5 + 78.0 = 164.r5 ads

N = 1.83 + 0.01 = 1.84 rads

It is obvious from these totals that neutron effects can be neglected.

(2) Blast Section - Detector No. 2 oppo, ite center of blast

door 3. 0 :,. above floor

Eiftranceway Contribution (B = 7.33 ft) H = 8. 0 ft;P P

Z = 1.0 ft;'. 0. 18 solid radians; 3 B = 0 deg)

"= 164. 5 x 0. 78 = 128.0 radsI
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Overhead Contribution (B = 7. 33; H = 19. 0; Z = 5. 0 ft;p P

4=0.30; /3B = 0 deg; As = 90 deg; /M = 500 psf)

If = 8. 65 x 0. 84 x 0. 008 = 5. 8 radc

Total I = 1ZP. 0 + 5.8 133.8 rads

(3) Radiation Section (R.) - Detector No. 3 at down-

stream end 3. 0 ft above floor

Entranceway Contribution (B = 7. 33; H - 8. 0 ft;P p

Z = 20.0 ft;.'. Ld = 0. 025; 13B 90 deg; /3 S = 0 deg;/m = 112. 5 psf;

R = 0. 1; ., ' =0.0025)
fc 1

= 133.8 x 0. 17x 0.40 = 9. 1 rads

Overhead Contribution (B = 7. 33; H -= 16. 0 ft;p p

Z = 5.0 ft; :o=0. 25; /3 B =0 deg;1S = 90 deg; lom = 500 psf)

= 865 x 0. 80 x 0. 008 x 5. 54 ra'ds

Total = 9. 1 + 5. 54 = 14. 64 rads

(4) Radiation Section (R2 ) - Detector No. 4 at down-

stream end 3. 0 ft -bove floor

Entranceway Contribution (B = 7. 33; H = 8. 0 ft;P p

Z = 16.0 ft;.. Va) = 0. 0 3 5;/ 3 B 90 deg; Rfc = 0.5; :. w' = 0.017)
2

"-1 = 14.64x 0.4 = 5.85 rads

Overhead Contribution (Same as For Detector No.3)

S= 5. 54 rads

Total I = 5.85 + 5. 54 = 11. 39 rads

For Entranceway Weapon Burst Orientation

(1) At Detector No. I

Entranceway Contribution (B = 7. 33 ft; H = 8. 0 ft; Z = 9. 0 ft;p p

to = 0. 10; /3 B = 0 deg) I , 1380 x 0.66 = 912 rads
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Overhead Contribution (B = 7. 33 ft; H = 8. 00 ft; Z = 5. 0 ft;P p

0.25; om = 250 psf;t3B = 50 deg; 4S= 40 deg)

S= 138C x 0. 4J x 0.0 15 = 4.75 rads

Total V = 912 + 4.75 = 916.75 rads

(2) At Detector No. 2

Entranceway Contribution (B = 7.33 ft. H = 8. 0 ft; Z = 7. 0 ft;
p p,,=0. 18; 13 B = 0 deg)

916.75 x 0.78 = 715 rads

Overhead Contribution (B = 7. 33 ft; H = 19. 0 ft; Z = 5. 0 ft;p P

•4 = 0.30 '•B = 50 deg; t3S = 40 deg; /om = 500 psf)

S= 1380 x 0.84 x 0. 00023 = 0. 27 rads

The reduction factors for Detectors No. 3 and No. 4 are summarized:

Detector No. 3 - Rfe = 0.17; R b = 0.40; (Rfc = 0. 1)

Detector No. 4 - R = 0. 4; (Rf = 0. 5)
fe fc2

Neglecting overhead contribution at Detector No. 3

At Detector No. 4

Entranceway Contribution

S= 715 x 0. 17x 0.40x 0.4 = 19.5 rads

Overhead Contribution (B, = 7. 33 ft; H = 16. 0 ft; Z = 5. 0 ft;
p

. 0.25-/ 3 B 50 dig; 3 /3S 40 deg; p/m = 500 psf)

"= 1380 x 0.80 x 0.0023 : 0.26 rads

Total " = 19. 5 + 0.3 = 19.8 rads
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(c) Fallout Radiation

As outlined in Section 5. 7 and detailed in Design Example 7.4.1

Fallout Overhead Shelter Contribution (i. = 0. 9 0 3 ;pm = 450

psf;Case) ' 8.6x 104 x0.99x0.00002 1.73 rads

Fallout Entranceway Contribution

- 4
(1) At Detector No. 2 Y dose 8.6 x 10 rods

(2) At Detector No. 3 (L) = 0.025; pm = 112. 5 psf; Case II)

"I = 8.6 x 104 x 0.04 x 0. 066 = 227 rads

Downstream from this detector, fallout radiation is treated in the same

manner as prompt radiation.

(3) At Detector No. 4 ( Q = 0. 035; /3B = 90 deg; Rfc1 = 0. 1;

.:,o'= 0. 0035)

= 227 x 0.2 = 45.4 rads

(d) Worst Case Radiation Dose at Entrance to Shelter

(1) Overhead Burst Orientation

(a) Shelter Overhead Contribution

Prompt 1 = 12. 00 Prompt N = negligible
Fallout 1' = 1. 73

13. 73 rads Total = 13. 73 rads

Allowable dose through entranceway = 40. 00 - 13. 73 = 26. 27 rads

(b) Entranceway Contribution

Prompt 4 11. 39 Prompt N = negligible
Fallout " = 45. 4

56. 79 rads Total 56. 79 rads

Required R - .7 = 0. 454
5 6-.7 9

(2) Entranceway Burst Orientation

(a) Shelter Overhead Contribution

Prompt t 1.03 Prompt N = negligible
Fallout .= 1.73

.7 rads Total = 2. 76 rads
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Allowable dose through entranceway - 40. 00 - 2. 76 37. 34 rads

(b) Entranceway Contribution

Prompt / =19.8 Prompt N = negligible
Prompt ' 45.4

65.2 rads Total = 65. 2 rads

Worst case is overhead burst orientation ; R = 0. 454

(e) Radiation Barrier Shielding Design

From Fig. 5-4 (Rf = 0.454; /3 S = 90 deg)

Pm = 95 psf

9. 5
Required D = 1 7.6 in.12.5

Use D = 8.0 in.

Since the shelter is a one story cubicle whose configuration is similar to

that of the entranceway, the barrier shielding wall is placed in the shelter

proper. In this instance, particular advantage can be gained by using interior

bearing walls of the shelter as barrier shielding.

Area of barrier wall

A = 8. 0 x 8. 0 = 64. 0 sq ft

Required additional D = 8. 0 - 4. 0 = 4. 0 in.

(f) Radiation Barrier Shielding Cost Factor
Assuming f' = 2000 psi

C

Concrete C - D x - 0 x 78.8 = 0.27 $/sq ft
c 12 c 1Z

Steel
D6 X

t s 4.00 x 0.5 x 78.8 = 14 $/sq ft
s FW 1200

Forms
Cf = (Included in shelter costs)

Summary
Ct = 0.27 + 0. 14 = 0.41 $/sq ft

CT = 0. 41 x 64.0 = 27 $
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3. Total Cost

(a) Excavation and Backfill

Assuming an existing 1:1 slope cut excavation for the shelter,

the volume of the additional excavation required can be-determined from

Eq. (7-8).

(1) For Radiation Section (R 2 )

Depth of excavation at side of shelter _ 14. 0 ft

Depth of excavation at upstream end of section = 0.0 ft

Average depth of radiation section (R 2 ) = 14. 0 ft

= (14.0 - 14.0) 4- (14.0 - 0.0) -

S7z 7.0ft

Vol = 7 ((8.0 x 16. 0) + (22.0 x 23. 0)) = 2220 cu ft
2

(2) For Radiation Section (R 1 )

Depth of excavation at downstream end = 14. 0 ft

Depth of excavation at upstream end = 0. 0 ft

Average depth of radiation section (R 1 ) = 14. 0 ft

=(14.0 - 14.0) + (14.0 - 9.0) 7.ft
2

7.0

Vol = Z-* ((8.0 x 16.0) + (22.0 x 23. 0)) = 2220 cu ft
2

(3) For Blast Section

Depth of excavation at downstream end = 10. 0 ft

Depth of excavation at upstream end = 11. 0 ft

Average depth of blast section = 14. 0 ft

_ (14.0 - 11.0) +(14.0 - 1o. 0) 3.5 ft
2

Vol =.-- ((8.66 x 17.5) + (15.66 x 20. 0)) = 795 cu ft
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(4) For Transition Section

Depth of excavation downstream end = 14. 0 ft

Depth of excavation upstream end = 6. 0 ft

Average depth of transition section = 10. 75 ft

z (10.75 - 14.0) + (10.75 - 6.0) = 0.752
0o 075

Vol = -i.--7 ((8.66 x 8.00) + (10. 16 x 8. 75)) = 60 cu ft

(5) For Open Cut

Depth of excavation downstream end = 6. 5 ft

Depth of excavation upstream end = 0. 0 ft

Average depth of transition section - 3. 25 ft

(3.25 -6.5) +(3.25 -0) =0

Vol = 0 cu ft

Tctal Volume of Additional Excavation

Radiation Section (R 2 ) = 2220 cu ft

Radiation Section (R 1 ) = 2220 cu ft

Blast Section - 795 cu ft

Open Cut = 0 cu ft

5235 cu ft

Entrance Structure Volume

Radiation Section (R2 ) = 8.00 x 8.66 x 16.0 = I110 cu ft

Radiation Section (R1 ) = 8.00 x 8.66 x 16.0 = 1110 cu ft

Blast Section = 8.66 x 9.33 x 17. 5 = 1410 cu ft

Transition Section = 8.66 x 9.33 x 11.0 890 cu ft

Open Cut :/4 x (33.33 + 7.33) 6.5 = 65 cu ft

4585 cu ft

Volume of Backfill

5235 -4595 = 740 cu ft

lIT RESEARCH INSTITUTE

7-104



(b) Open Cut Section

Slope surface area requiring stabilization, assuming a 2:1

slope

15.0 x 10.0 x 1/2 x 2 = 150 sq ft

Assume slope stabilization consisting of 3 in. concrete slab

or equivalent

Cf = 0.75 $/sq ft

C T= 0.75 x 150 = 113 $

Stair costs from Section 2. 2. 9

CT = 10 steps at 35.00 $/step = 350.00 $

(c) Emergency Exit

The 1000 man shelter serviced by a blast-resistant entrance-

way requires two emergency exits. From Table 7-2 the required length of

emergency exit is assumed equal to the depth to entrance level. Unit cost

from Section 2. 8. 4

CT = 14. 00 x 13.33 = 187 $
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Total Cost

Surface Transition Section (Open Cut)

Side Slope Stabilization = 113

Stairs 10 steps at 35.00 $/step - 350

Depth Transition Section

Reinforced Concrete Cubicle
3.04 x 2 (8.66 . 8.00) x 11. 00 = 1120

Stairs II steps at 35.00 $/step = 385

Blast Section

Reinforced Concrete Cubicle
3.04 x 2 (8.66 + 8.00) x 15.75 = 1595

Reinforced Concrete Blast Door Frame
10.88 x 31.33 - 341

Prestressed Concrete Tension Strut
5.49 x 29.33 = 161

Prestressed Concrete Blast Door = 216

Blast Door Support Channels - 278

Blast Door Roller Supports = 1080

Blast Door Latch - 230

Reinforced Concrete Cubicle End
3.04 x 8.66 x 9.33 - 246

Radiation Section

Reinforced Concrete Compression Cubicle
64. 80 x 32. 0 = 2080

Radiation Barrier Wall = 27

Emergency Exit 187 x 2 = 374

Excavation 0. 036 x 5235 - 188

Backfili 0. 033 x 740 - 25

Haul 0. 026 x 4585 - 119

$ 9040
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7.5 NONBLAST-RESISTANT ENTRANCEWAY DESIGN

7. 5. 1 Compression Cylinder (Sample Analysis and Cost Evaluation)

TRIAL DESIGN 7.5. 1 - 325 E4

CONFIGURATION

One story cubicle and cylinder

STRUCTURAL SYSTEM AND INPUT PARAMETERS (Fig. 7-5)

Transition Section -

Material: Reinforced concrete cubicle

Orientation: Makes ,,, 39 deg angle with horizontal plane and
is perpendicular to long axis of the shelter

Dimension: H = 8 ft-0 in.; B = 7 ft-4 in.; length = 13 ft-0 in.;
change in elevation between entrance and exit
8 ft-3 1/2 in.

Primary Design Load: qE = 10 psi

Radiation Section (R 1 ) -

Material: Reinforced concrete cubicle

Orientation: ,-, Horizontal and is perpendicular to long axis of
the shelter

Dimensions: H = 8 ft-0 in.; B = 7 ft-4 in.; length = 16 ft-0 in.;
change in elevation between entrance and exit
1 ft-6 in.

Primary Design Load: qE = 10 psi

Radiation Section (R 2 ) -

Material: Reinforced concrete cubicle

Orientation:.,iHorizontal and is parallel to long axis of the shelter

Dimensions: H = 8 ft-0 in. ; B = 7 ft-4 in. ; length 16 ft-0 in.
change in elevation between entrance and exit
1 ft-6 in.

Primary Design Load: qE = 10 psi

Note: These dimensions may require subsequent modification due to radiation
design requirements.

Blast Section -

Material: Reinforced concrete cylinder

Orientation: -,, Horizontal and is perpendicular to long axis of
the shelter

Dimensions: I. D. 13 ft-0 in. ; length 20 ft-0 in. ; change in
elevation between entrance and exit -v 1 ft-6 in.

Primary Design Load: qE 772 psi

Shelter -

Capacity: 1000 Man (Table 7-2)

Primary Design Load. q =E 3Z25 psi
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1. Ble st Analysis

(a) Transition and Radiation Section: Design and Cost Factors

From Table 7-5 (q = 10 psi, 4 lane)

(1) Wall

f' =4000 psi .=065
c L

fdy 60,000 psi D -4.0 in.

=R/6L 0.5 Ct = 1.71 $/sqft

(2) Roof

f' = 4000 psi 6 =0.55
c L

fdy = 75,000 psi D = 4.00 in.

R/6L = 0.75 Ct = 1. 73 $/sq ft

CT = 55. 10 $/ft of cubicle

(b) Blast Section: Design of Reinforced Concrete Cylindrical

Shell

Assume reinforced concrete dc = 7500 psi; f = 60, 000 psi;
dc dy

Q = 0.5 percent; D = l0 in.

Required D = 772 (6 x 13. 0 + 10.0)6638 + 300 = 9.8 in. (6-26)

.. Use D 1 10.0 in.

(c) Blast Section: Cost Factors for Reinforced Concrete

Cylindrical Shell

Concrete 10.0
C - x 1.30 = 1.09 $/sq ft (6-28)

Steel 10.0
C s = - x 0.6 x 85.8 = 0.44 $/sq ft (6-29)

Forms
Cf = 1.40 $/sq ft (6-30)

Summary
Ct = 1.09 + 0.44 + 1.40 = 2.93 $/sq ft
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(d) Blast Section: Design of Reinforced Concrete Compression

Ring

Assume b = 30. 0 in.; D = 24. 0 in.

Required D(ring) 360.x 85772 x x30.(0 x 37500 = 23.35 in. (6.-153)

Use D = 24.0 in.

From Eq. (6-66), 4vt . 0 .*. no torsion steel required

(e) Blast Section: Cost Factors for Reinforced Concrete

Compression Ring

Concrete 30.0 x 34.0

c 144 x 1.30 6.50$/ft (6-157)
Steel I 00xZ.C = 1 400 x 85.8 = 4.29 $/ft (6-158)s 14,400

Forms C 30.0 + 24.0 x 1. 00 = 9.00 $/ft (6-159)

f- 6

Summary
Ct = 6.50 + 4.29 + 9. 00 = 19.79 $/ft (6-160;

(f) Blast Section: Design of Beam Member Between Rings

Assume reinforced concrete beam with b = 18. 0 in. ; D - 24 in.

0. 45; f - 75. 000 psi, f' = 6000 psi.

Required d 36"5 x 7. 633 6 x 325(13.0 + 1.66) x 75, 000./ 2 1.6r
1045 + I [ 1 x 00I / (6- 165 ,

D-• -1 24.0 in. ,.Use D - 24.0 in.

To determine moment steel

6= ' 7000 x 6000 = 3.24 percent (6-1351,
e 75.00

(g) Blast Section: Cost Factors for Beam Member Between Rings

Conc rete 80x4.C 18.0x24.0 = 3.90 $/ft (6-167)
c 144

Moment Steel

C 3.4x18.0x24.0 x 85.8 = 11. 30 $ft (6- 168i
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Shear Steel
0.45x1. 0~f x 24. 0C 10. 196x 0.45 + 0. 3 4 7 x 2.5 5 86.7(6-169)v 90 • $/ t

Forms 18. 00+24. 00
= 6 x 1. 00 = 7. 00 $/ft (6-170)

Summary
Ct = 3.90 + 11. 30 + E, 67 + 7. 00 = 30.87 $/ft (6-171)

(h) Blast Section: Design of Reinforced Concrete Dome End ,

From Section 6. 5. 1, q must exceed qI W

Assume D = 5. 00 in.; c = 7500 psi; fdy = 60,000 psi;

6t =1.0 percent -"

5.0 i'1.70 x 7500 +0.002 x 1 0 x 60 000]
c (6 x 12. 00) + 5.0 " 1 xs

892 . 772 .'. OK

(i) Blast Section: Cost Factors for Reinforced Concrete Dome End

Concrete 50
C 1 -50- xl1.30 0.55 $/sq ft (6-28)

Steel 5. 0 x 1.0
C = 0 x 85.8 0.43 $/sq ft (6-2-9)

Forms
Cf =1.75 $/sq ft (6-30)

Summary
C t 0.55 +0.43 + 1.75 = 2.73 $/sq ft

(j) Blast Section: Design of Blast Door

The practical limits, both in terms of thickness dimensions

and in terms of cost, were reached in the two-lane capacity Design Example

7.4. 3. Assume a blast door design which utilizes wide flange rolled shapes

to span the short dimension of the doorway. Curved cover plates will be

welded to the wide flange sections to carry the long span loads.

Assume gross depth of section = 12.00 in.

Effective height of door at compression ring I. D. : 6.5 ft.
(SL= 10.66 ft) .IS L 0 Effective door height at middle surface of blast door 9. 52 ft

(SL = 15.66 ft). LL of blast door middle surface = 10. 25 ft.
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For S /2 =7.83 ft L 7. 33 ft p*4.80 K =0. 0511
L S20

LL =10. 23 ft A= 7.33/10. 25 =0.715 K =0.0756 A 0.512
L 10

Equivalent solid plate D required

D- [864 x 0.0756x 772 x 53.8 x 2.380 0 (2.38x 1. 156) + 0.410 11 2

-L60, 000 (5. 22 + 4. 80) x 1. 153
(6-129)

D([864 x0.o0756 7 2 x53.8x 0.647 5.4 in.60,000=5.in

Equivalent section modulus required

S 5 4)2 4. 87 cu in. /in.

Try 121 35.0 S =7. 2 N4.87 .' OK for moment (6-122)

Shear requirement V = 6qI LS = 6 x 772 x 7. 33 = 34, 000 psi/in.

Web section required, assuming

fdv =0.6 fdy = 0.6 x 60, 000 = 36, 000 psi

,. Required A = 34,000 -0. 945 sq in./in.v fdv 36, ooo0

For 121 35. 0 on 5. 078 in. centers

A = 0.428 x 12.0 x 5.078 1.01 sqin./in.

1.01 7 0.95 -. OK

In LL direction the equivalent solid plate D required

Assuming fdy = 44, 000 psi

84xK q L 2 (1 + A2 ) 2  222 1/2
D =20 1S (+A (I + 10. (7-10)f (max) [(I +A;2 ) 4+ • (I+•)z ] (-0

D[864 x 0.0517 x 772 x 53.8 x 2.38 (2. 38x 1. 156) + 0.80Z 1/2

- ~ 44,000 1 (5. 22 +4. 80) xl1. 153

D (864x0"0517 x772x53"8x2.38x0.7321/2 = 5.47 in.

Equivalent section modulus required

S - (5.47)2 _5.00 cuin.
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Assuming 1/2 plate

S=2 -- 2=x0.5x6.0 =6.O0""

6.0 > 5.0 .'. OK

Total depth of section = 12. 00 + 2 x 0. 5 = 13. 00 in.

(k) Blast Section: Cost Factors for Blast Door

Minimum width

L +0.5 -10.25 +0.5 -10.75 ft
L

No. of sections 12 (LL +0.5) = 12 x 10.73 25.5
tb 5.078

26 required

Length of sections

(L + 0. 5) 7.83 ft
S

Total length of sections

26 x 7. 83 = 203. 5 ft

Cost of rolled shapes (12 135)

C- 0.207x35.0x 203.5= 1475$

Cost of plates

Ct = 2x6.08 x 10.75x 7.83 1025$

Cost of concrete filler

C Web length X -"75
c 12 c 1- x1.00=0.82$/sqft

C, = 0. 8Zx 10.75x7.83 =69$

Total Cost of Blast Door

CT = 1475 + 1025 + 69 = 2569 $

(1) Blast Section: Design of Blast Door Support Structure Hardware

Assume that American Standard Channels will be used to sup-

port the blast door. A web length between flanges in excess of 13. 0 in. is

then required. Try 18 in. channel, check bending

t 75 0 (15.375 2. 09 sq in.w 50, 000 2
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Assume a knee bracket is employed which reduces effective space to 7. 68 in.

w 42,000 O2

Use 18"51.9; t =0.625> 0.615 .. OK
w

Total Length of Channel required

4 (LS +0.5) + 2 (LL +0.5) 4 x 7.83 + 2 x 10.75 =52.83 ft

(m) Blast Section: Cost Factors for Blast Door Support

Structure Hardware

(1) Channels

From Table 2-2, X = 0. 204 $/lb f = 42, 000 psis y

C = 51.9x 0.204 x 52.83 560 $

(2) Knee Brace

CT = 50.00 $

(3) Roller Supports

From Section 2.8. 2,

[50. 00 + (30 x 13. 0)1 x 4 1760 $
T L

(4) Blast Door Latch

From Section 2. 8. 3

CT- [50.00 +(l0 x 13. 0)] x 2= 360 $

(n) Blast Section: Cost Factors for Blast Door Sleeve

C onc rete 30CC= 3 x 1. 30 = 0.33 $/sq ftc 12
Steel 3.0Cs 2.x0 0.6 x 85.8 = 0. 13 $/sq ft

s 12

Forms Cf = 1.40 $/sq ft

Summary Ct= 0.33 + 0. 13 + 1. 40 = 1. 86 $/sq ft

CT = 1.86x 13.00x 9.00 = 218 $
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2. Radiation Analysis

(a) Prompt Radiation Overhead Shelter Contribution

As outlined in Section 5.3.2

For overhead burst orientation (B 2 20 ft; H = 289 ft;-Z = 6. 0 ft;
P p

•= 0.66 solid radians; A3 B =0 deg; S3, =90 deg; /m = 1000 ps; W 1 MT;

pso - 200 psi)

S= 1.45x 105 x0.95x 5x 10 5  6.90 rads

N =2.27 x 104 x0.88 x 0.04x 104 = 0.08 rads

For entranceway burst orientation (B = 20 ft; H = 289 ft;

Z =6.0 ft;,'.)= 0. 66 solid radians; / 3 B =50 deg; 13 = 40 deg;ro = 1000 psf;

W=lMT; p so 200 psi)

4.58x10 x.53x0.1x 1 0.25 rads

5 -5N =1.29x 10 x 0.81 x0. 15x 10 =0.-16 rads

(b) Prompt Radiation Entranceway Contribution

For overhead burst orientation

(1) Transition Section - Detector No. 1 at bottom of stairs

3. 0 ft above floor
Entranceway Contribution (B = 7.33 it; H = 8.00 ft;-p p

Z = 13.0 ft; .'. '& 0.054; /3B = 50 deg)

" 1.45 x 105 x 0.06 =8. 70 x 103 rads

N 2.27 x 104 x 0. 12 =2. 7Z x 103 rads

Overhead Contribution (B = 7. 33 ft; H = 10. 0 ft; Z =5. 0 ft;

,.4= 0. 28;/o 350 psf; /5B = 0 deg; As3 = 90 deg)

4 = 1.45 x 105 x 0.84 x 0.04 z 4.87 x 10 3 rads

N = 2.27 x 104 x 0.65 x 0.016 = 2. 38 x 102 rads

Total = 8.70 + 4.87 = 1. 357 x 104 rads
3

N 2.72 +0.24 = 2.96x 10 rads
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(2) Radiation Section (a) -Detector No. 2 downstream end

of section 3. 0 ft above floor
Entri'nceway Contribution (B = 7. 33 it; H = 8. 00 ft;

p p

Z = 16.0 ft; ,. U =0.037 solid radians; 0 deg)

B3
S=1. 357 x 104 x 0.52 =7. 2 x 103 rads

N =2.96 x 103 = 0.28 = 8. 28 x 10 rads

Overhead Contribution (Bp 7. 33; HP = 16. 0 ft; Z = 5. 0 ft;

.. = 0.50; /om 775 psf; /,OB =0 deg; 1S 90 deg)

S=1.45 x 10 5 x 0.92 x47x 10- = 62.8 rads

N 2. 27x 10 4x 0.82 x 0.65 x 10-4 = 1.21 rads

3
Total 7. 12 + 0.06 7. 18 x 10 rads

N =8.28 + 0.01 =8.29 x 10 rads

(3) Radiation Section (R2 ) - Detector No. 3 downstream end

of section 3.0 ft above floor

Entranceway Contribution (B = 7. 33; H = 8. 0 ft;p p

Z = 16.0 ft;.. U = 0.037; P'B = 0 deg; Rcl = 0.1; .. = 0.0037;

Rf =0. 14)
w =•' 7. 18 x 103 x 0.21 = 1.51 x 103 rads

2
N = 8.29 x 10 x 0.24 x 0. 14 = 2. 78 rads

Overhead Contribution (B = 7. 33; H = 16. 0 ft; Z = 5.0 ft;p p

',= 0. 50; / =m 925 psf; /B = 0 deg; 3 s 90 deg)

1.45 x 105 x 0.92 x 11 x 10-5 = 14.7 rads

N =2.27 x 104 x 0.82 x 0. 1 x 10-4 = 0. 186 rads

Total3
""= 1.51 +0.C1 - 1.52x r0 3ads

N = 2.78 1 0. 19 = 2.99 rads
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(4) Blast Section Detector No. 4 opposite blast door 3.,0

ft above floor
Entranceway-Contribution (B = 7.33; Hp 8. 0 ft;

p
.o0.1Z;pm 175;3 0 deg; /s 90 deg)

1. 52 x 1-0.. x0. 7 x 0.23= 245 rads

N - 2.99 x 0.48 2 0. 195 = 0.27 rads

Overhead Contribution - (Included at Detector No. 4)

Total = 2.45 rads

N 0.27 rads

(5) Blast Section - Detector No. 5 downstream end of blast

section at entrance of shelter proper 3. 0 ft above floor

Entranceway Contribution (r = 5. 5 ft; Z = 11. 0 ft;m

.. w0= 0.175; Rfc2 = 0.5; .. w' = 0.088; Rfw = 0.253)

= 245 x 0.64 = 156.5 rads

N 0. 27 x 0. 50 x 0. 253 = 0. 034 rads

Overhead Contribution (B = 11.0 ft; H = 19.0 ft;P P

Z =5.0 ft; . 0.45; /om = 950 psi; /3B = 0 deg; /3S3 90 deg)

"'=1. 45x 105 xO.90x8.5x 10 = 11.r0 ads

N = 2.27 x 104x 0.80 x 0.075 x 10-4 = 0. 140 rads

Total - = 156.5 + 11.0 = 167.5 rads

N = 0. 034 + '. 140 = 0. 174 rads

For Entranceway Burst Orientation

(1) At Detector No. I

Entranceway Contribution (B = 7. 33 it; Hp = 8. 00 ft; Z 130 ft;
I, =0. 054; A3B = 0 deg)

S=4.58x 105 x0.56 = 2.57x 105 rads

N = 1.29x 105 x0.29 = 3.74x 104 rads
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Overhead Contribution (B p 7. 33 ft; H = 10. 0 ft; Z = 5. 0 ft;p P
, O_- 0. 28 ; PM = 350 psf; IQB = 50 deg;/S = 40 deg)

1=4.58x 10 5 x 0. 25 x 0. 0025 = 2.86 x 102 rads

N = .29 x 105 x 0.46 x 0. 006 = 3.56 x 102 rads

Total A = 2.57 x 105 rads

N= 3.47 + 0.04 = 3.78 x 104 rads

Assume reduction factors are the same as in the overhead contribution

burst and neglect overhead contribution

'=2..57x 105 x 0.52x 0.21 x 0.7x0.23 x 0.64 = 2.89x 103 rads

N = 3.78 x 104 x 0.28 x 0.24x 0.14x 0.48 x 0.195 x 0.253 =4.21 rads

Total = 2890 rads

N =4.21 rads

(b) Fallout Radiation

The collapse of the Transition and Radiation Sections will

negate any fallout radiation effect, except through the shelter roof.

Fallout Overhead Shelter Contribution (w = 0. 66; /m = 1000

psf; Case I) '=8.6 x 04 x0.2x2 x10 1 0  negligible

Worst case radiation dose at shelter entrance = 2890 +
4.21 = 2894 rads

Radiation dose through shelter roof for this case = 0. 41 rads

Allowable dosage through entranceway for thid case = 40.0 -

0.41 = 39.59 rads

RequiredR = 3 = 0.0137
fb

From Fig. 5-4 (Rfb = 0.0137; S= 90 deg)

Pm = 455 puf
455

36.4in.

Try D 41.0 in.

The barrier shielding is placed in redesigned Radiation Section (R2). (See

Fig. 7-14)
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(d) Radiation Entranceway Contribution Based on Redesigned

Radiation Section (R 2 )

"Note: In the other design example presented in this

chapter, the limited layout changes did not

require any radiation reanalysis.

For Entranceway Burst Orientation

(1) Dosage at upstream entrance of Radiation Section (R 2 )

is taken as the same as Detector No. 1

, =4.,58 x 10 5x0.56 = 2.57x 105 rads

N 1.29 x 105 x 0.29 = 3.74 x 104 rads

(2) Dosage at downstream entrance of Radiation Section (R 2 )

taken as the same as Detector No. 2

I =2.57x 105 x0.52= 1.34x 10 5 rads

N = 3.78x 104 x0.28 1.06x 104 rads

(3) Dosage at Detector No. 3 located upstream side of

blast door 3. 0 ft above floor

Through upstream entranice (B = 7. 33 ft; H = 8. 0 ft;
p p

Z 18.0 ft: w=0,018;Pm =460 psf; 4B =0 deg; 0, = 90deg; Rcl=0.1;

0. 0. 00 18 R f =0. 10)
W

( = 2.57 x 105 x 0.14 x 0.0074 = 2.56 x 102 rads

N = L.78x 104x0.16x0.10x0.002 = 1.2 rads

Through downstream entrance (w. a 0. 01; PM a 460 paf;

0 :0deg; -90 dog; R =0.1 .L 0.0018; R 0. 10)
B 1  fW

1-1.34x 105 x0.14x0.0074 = 1.39x 102 radi

N: 1.06x 104 x 0. 16x0.10 x 0.002 ; 0,3 rads

Total '•. 50+ 139 3.89x 102 radi

N .Z+ 0.3 1. S rams
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(4) At Detector No. 4 (&=-0. 12; p "- 175 psi; /3 =0 deg;
13S =90 deg) Sdg3.89x 102 xO.xO .23 62.6 rads

N 5.75 x- 0.48 x 0. 195 = 0.54 rads

(5) AtDetectorNo. 5(r -- 5.5ft;Z 14.0ft; t-=0.067;

Rfc 0.5; *. ' = 0.034; R = 0.22; =0 deg; ps = 90 deg)
2

6Z .6 x 0. 5 31. 3 rads

N 0.54x0.33x0.22 =0.039 rads

Total • 31.3 +0.41 =31.71 rads

N 0.4 rads

Total Radiation = 31.75 < 40.0
•'. OK

Note: Consider that radiation streaming around the barrier shielding.
striking the blast door at a -• 30 deg in plane angle, will result
in Rf approximately equal to the R determined.

(e) Radiation Barrier: Shielding Cost Factor

Total area of barrier wall

A =8 (3. 66 x 8. 0) + (3. 42 x 8. 0) 344 sq ft

Projected area of barrier wall

A =4 (3. 66 x 8. 0) = 117. 33 sq ft

Assuming f' = 2000 psi
c

Concrete D 41.0
C X-z- X 1 x 1.00 =3.41 $/sqft

c Z C 1
Steel X8D Xs

t 41. OxO. 5Sx 78. 8
C - t20 - -- = 1. 34 $/sq fts 1200 1200

Forms
Cf 13 x 1. 00 2.93$/sq ft

f 117.33

Summary
C 3.41 + 1.34 + 2.93 7.68 $/sq ft

t

C 7.68 x 117.33 = 900 $
T
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(f) Radiation Section (R ) Revised Design and Cost Factor

The two legs of Radiation Section (R 2 ) could be designed as

an integral unit, but design and cost data would not differ appreciably from

the assumption of two standard four lane sections from Table 7-5.

3. Total Cost

(a) Excavation and Backfill

Assuming an existing 1:1 slope cut excavation for the shelter

the volume of the additional excavation required can be determined from

Eq. (7-8).

(1) For Blast Section

Depth of excavation at side of shelter = 22. 0 ft

Depth of excavation at upstream end of section = 0. 0 ft

Average depth of blast section = 22. 0 ft

20-22. 0) + (22. 0 -0.0) 1.0f
= (zz.o- 2 ~)lZ -~ ) = 11.0 ft

"Vol - 11.0 ((14.66 x 26.0) + (36.66 + 37.0)) = 9550 cu ft
2

(2) For Radiation Section (R 2 )

Depth of excavation, downstream end = 22. 0 ft

Depth of excavation, upstream end = 4. 0 ft

Average depth of radiation section (R)2 17. 0 ft

((17.0 ) 2) =6. 0 ft

-t 6.0
Vol- = ((18.0 x 18.0) + (24.0 x 24.0)) = 2700 cu ft

2

(3) For Radiation Section (R 1 )

Depth of excavation, downstream .end = 16. 0 ft

Depth of excavation, upstream end = 0. 0 ft

Average depth of radiation section (R 1 ) - 16. 0 ft

Z (16. 0 16. 0) + (16.0- 0) 80f
"(160-8.8.0f

Vol 0-- ((4. 0 x 16. 0) + (12.0 x 24. 0)) - 1408 cu ft
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(4) For Transition Section

Depth of excavation, downstream end 15. C ft

Depth of excavation, upstream end 5. 0 ft

Average depth of transition section = 11. 0 ft

z ~(11. 0 15. 0) + (11. 00- 5. 0) 1.0f

Vol0= -- ((8.0 x 10.0) + (10.0 x 11. 0)) 95 cu ft

(5) For Open Cut
Depth of excavation, downstream end = 6. 5 ft

Depth of excavation, upstream end 0. 0 ft

-Average depth of transition section = 3. 25 ft

S ((3. 25- 6.5) + (3.25- 0)) 0

Vol= 0 cuft

Total Volume of Additional Excavation

Blast Section = 9550

Radiation Section (R2 ) = 2700

Radiation Section (RI) = 1408

Transition Section = 95

Open Cut 0

13, 753 cu ft

Entrance Structure Volume

Blast Section = x 7.232 x 23.0 3880

Radiation Section (R) 8. 66 x 18.0 x 18.0 2810

Radiation Section (R ) 8. 66 x 4. 0 x 20. 0 693

Transition Section = 8. 66 x 8. 00 x 13. 0 900

Open Cut = 1/4 (33.33 + 7.33) 6.5 65

8348 cu ft

Volume of Backfill

13753 - 8348 3405 cu ft
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(b) Open Cut Section

From TRIAL DESIGN 7.4.4

Slope Stabilization CT = 113$

Stairs CT = 350 $

(c) Emergency Exit

The 1000 man shelter serviced by a nonblast-resistant

entranceway requires the same number of emergency exits as entranceway

traffic lanes (250 man/lane). This results in a total requirement for four

exits and, from Table 7-2, the required length of emergency exit is assumed

equal to the depth to entrance level. Unit cost from Section 2. 8. 4

CT 14.00x 19.00 268 $
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Total Cost

Surface Transition Section (Open Cut)

Slide Slope Stabilization = 113

Stair 10 steps at 35.00 $/step = 350

Depth Transition Section

Reinforced concrete cubicle 55. 10 x 13.0 = 717

Stairs 13 steps at 35.00 $/step = 455

Radiation Section (R 1 )

Reinforced concrete cubicle 55. 10 x 19. 00 1045

Radiation Section (RI)

Reinforced concrete cubicle 55. 10 x 2 x 14.33 = 1580

Blast Section

Reinforced concrete cylindrical shell
2.93 x 14.66 x 8.83 = 1125

Reinforced concrete spherical dome shell

2.73 x 1f x 2 x 6.422  = 705

Reinforced concrete compression ring
19.79 x if x 2 x 14.66 = 1820

Reinforced concrete beam frame
30.87 x 7.33 x 2 - 453

Steel Rolled Shape Blast Door - 2569

Blast Door Support Channel = 610

Blast Door Roller Supports = 1760

Blast Door Latch = 360

Blast Door Sleeve - 218

Emergency Exit 268 x 4 - 1072

Excavation 0. 036 x 13753 - 495

Backfill 0. 033 x 5403 - 179

Haul 0. 026 x 8348 Z 217

$ 15,833
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7. 5. 2 Compression Sphere (Sample Analysis, and Cost Evaluation)

"TRIAL DESIG3N 7.5.2 - 325 Fl

CONFIGURATION

One story cubicle and sphere

STRUCTURAL SYSTEM AND INPUT PARAMETERS (Fig. 7-6)

Transition Section -

Material: Reinforced Concrete Cubicle

Orientation: Makes -.# 39 deg angle with horizontal plane and
is perpendicular to long axis of the shelter

Dimension: H = 7 ft-0 in.; B = 2 ft-6 in.; length = 11 ft-0 in.;
change in elevation between entrance and exit
"8 ft- 3 1/2 in.

Primary Design Load: qE = 10 psi

Radiation Section (R 1 ) -

Material: Reinforced concrete cubicle

Orientation: Horizontal and is perpendicular to long axis of
the shelter

Dimension: H = 7 ft-0 in.; B = 2 ft-6 in.; length = 14 ft -0 in.;
change in elevation between entrance and exit =

1 ft-6 in.

Primary Design Load: qE = l0 psi

Radiation Section (R2 ) -

Material: Reinforced concrete cubicle

Orientation: Horizontal and is paralle> to long axis of the shelter

Dimension: H.= 7 ft-0 in.; B = 2 ft-6 in.; length = 14 ft-0 in.;
change in elevaticn between entrance and exit =
1 ft-6 in.

Primary Design Load: qE = 10 psi

Blast Section -

Material: Reinforced concrete sphere
Orientation: -j Horizontal
Dimtnsions: I. D. 13 ft-0 in.
Primary Design Load: 772 psi

Conxtecting Cylinder-

Material: Reinforced concrete cylinder
Orertation: -v Horizontal
Dimension: I. D. 7 ft-0 in.; length 4 ft-0 in.
Primary Design Load: q = 325 psi Note: These dimensions mayrequire subsequent modification 

'

Shelter - due to radiation design require-

Capacity: 100 man (Table 7-2) ments.
Primary/ Design Load: qEd a 325 psi
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1. Blast Analysis

(a) Transition and Radiation Section: Design and Cost Factors

From Table 7-5 (q = 10 psi; 1 Lane)

(1) Wall

f' -2000 0.25
CL

fdy 60,000 D = 4.0 in.dy

AR/6 = 1.00 Ct = 1.55 $/sq ft

(2) Roof

f' =4000 psi 6 = 0.35
C

fdy = 75,000 psi D = 4.0 in.

6R/6L = 0.75 Ct = 1. 65 $/sq ft

CT = 32. 15 $/ft of cubicle

(b) Blast Section: Design and Cost Factors for Reinforced

Concrete Sphere

The same design presented in Design Example 7.4. 1 is used

in this case, since the overall dimension requirements and loadings are

essentially the same. See Design Example 7.4. 1, Part A (c)-(m) for details.

(c) -Blast Section: Design and Cost Factors for Shelter

Connecting Section

Since the spherical surface of the blast section is difficult to

match with the shelter cyliadrical surface, use a 4. 0 ft long cylindrical

connecting section which is similar in design to Radiation Section (R1 ) of

Design Example 7.4. 1.

2. Radiation Analysis

(a) Prompt Radiation Overhead Shelter Contribution

From examNle 7.4. 1 Part B

Overhead burst orientation

"V = 6.82 rads N = 0.08 rads
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Entranceway burst orientation

V'=0. 14 rads N = 0.06 rads

'b) Prompt Radiation Entranceway Contribution

For Overhead Burst Orientation

(1) Transition Section - Detector No. 1 at bottom of stairs

3.0 ft above door

Entranceway contribution (Bp = 7.5 ft; Hp = 7. 0 ft;

Z = 13.0 ft;'.o= 0. 014 solid radians; /AB = 50 deg)

'= 1.45x 105 x0.018 = 2.62x 103 rads

-4 2
N =2.27 x 104x 0. 025 = 7.85 x 10 rads

Overhead contribution (Bp = 2. 5 ft; Hp = 10. 0 ft;

Z = 4.0 ft;.',.=0. 15; Pm = 400 psi;/AB = 0 deg;j% = 90 deg)

S= 1.45 x 105 x 0.74 x 0.023 = 2.4 7 x 103  rads

N = 2.27x 104 x0.48x0.0075 =8.17x 10 rads

Total I = 2.67 + 2.47 = 5.14 x 103 rads

N = 7.85 +G. 82 = 8.67x 102 rads

(2) Radiation Section (R1 ) - Detector No. 2 downstream end

of section 3. 0 ft above floor

Entranceway contribution (Bp = 2. 5 it; Hp = 7. 0 it;

Z = 14.0 ft;:.W= 0 . 0 1 ;/3B - 0 deg)

S= 5. 14 x I0 3  x 0.33 = 1.71 x 103 rad s

N = 8.67 x 102 x 0.11 = 9.55 x 10 rads

Overhead contribution (B = 2. 5 it; Hp = 14. 0 it;

Z = 4.0 ft;.*.u)= 0. 17 ; 0m = 825 psf; •B = 0 ;/S = 90 )

S= 1.45 x 10 5 x 0.76 x 0.0003 = 3.3 1 x 10 rads

N = 2.27 x 104 x 0.50 x 0. 000037 a 0.42 rads

Total =. 71 + 0.03= 1. 74 x 103 rads

N :9.55 + 0.04 = 9.59 x 10 rads
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J (3) Radiation Section (R.) - Detector No. 3 downstream end
of section 3. 0 ft above floor

Entranceway contribution (B = 2. 25 ft; H = 7. 0 ft;
p P

Z =14.0 ft; (.= 0.01; R = -. l;.1w 0.001; Rfw = 0.0 7 ; /3 B = 0 deg)

S= 1. 74 x 103 x 0. 10 = 1. 74 x 102 rads

N = 9.59 x x 0. 11 x 0.07 = 0.67 rads
Overhead contribution (B 2. 5; H 14. 0 ft; Z = 4. 0 ft;

1.I= 0. 17; PM = 9 50 Psf; /3 B = deg; /3 S 90 deg)

I = 1. 45 x 105 x 0. 76 x 0. 00008 = 8. 8 rads

N = 2.27x 104x 0.50x 0.08x 10"4 = 0. C9 rads
Total I = 1.74 + 0.09 = 1.83 x 102 rads

N =0. 67 + 0. 09 = 0. 76 rads
(4) Blast Section - Detector No. 4 opposite blast door in

center of sphere
Entranceway contribution (Bp = 2. 5; H = 7. 0 ft; Z = 8. 0 ft;

-0. 045; = 125 psf; = 0 deg; =90 deg)

= 1. 83 x 102x 0.5x 0.35 = 32.0 rads

N = 0. 76 x 0. 23 x 0. 35 = 0. 06 rads
Overhead contribution (r = 6. 5 t; Z = 8. 0 ft; 0.232;

:850 pa; B 0 deg; = 90 deg)

: 1.45 x 10 x 0. 80 x 0. 00023 :26.8 rads

N 2. 27 x 104 x 0. 57 x 0. 000026 0. 33 rads
Total = 32.0 + 26.8 = 58.8 rads

N = 0. 06 + 0. 33 = 0. 39 rads

(5) Entrance to Shelter - Detector No. 5 at shelter.entrance
3. 0 ft above floor

Entranceway contribution tr 4. 0; Z = 8.0 ft; '. -- 0.105;
Rfc . = 0.5; *%'-0.053; AB z 0deg)
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S- 58.8 x0.54 =31.3 rads

N - 0.39 x 0.40 = 0.15 rads

Overhead Contribution (Included at Detector No. 4)

Total Y = 31.3 rads

N = 0. 15 rads

For Entranceway Burst Orientation

1. At Detector No. 1

Entranceway awntribution (B 2. 5 ft; H p 7. 0 ft; Z 13. 0 ft;

= 0.014; A B = 0 deg)

'--4. 58 x 105 x 0. 37 = 1. 69 x 105 rads

N- i.29x 105x0. 14 = 1.805x 104 rads

Overhead Contribution (B = 2. 5 ft; H = 10. 0 ft; Z 4. 0 ft;
p p

= 0. 15; /OM =400 psf; /3 B = 50 deg; AS = 40 deg)

S=4.58 x 105 x 0. 74 x 0. 00 1 = 3.39 x 102 rads

N = 1.29x 105 x0.48x0.0032 = 1.98 x 102 rads

Total = 1.69 +0.003 = 1.69x 105 rads

N 1. 805 + 0. 020 = 1. 825 x 104 rads

Assume reduction factors are the same beyond this point as in the overhead

burst orientation, and neglect overhead contribution

5I 1.69x 10x 0.33 x0.10x (0.50 x0.35) x0.54 =499.0 rads

N =1.825 x 104x0.11 x (0.11 x0,07) x (0. 23 x 0. 35) x 0. 40 = 0. 50 rads

(c) Fallout Radiation

The ,'ollapse of this Transition and Radiation Sections will

eliminate any fallout radiation streaming through the entranceway, and the

effect through the shelter roof is negligible.
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(d) Radiation Barrier Shielding: Design and Cost Factors

Worst case radiation dose at shelter entrance = 499. 0 +
0. 50 = 499. 5 rads

Radiation dose through shelter roof for this case = 0. 41 rads

Allowable dosage through entranceway for this case = 40. 0 -
0.41 = 39.59 rads
39.59

Required Rfb = 4 = 0.793

From Fig. 5-4 (Rfb = 0. 793, As = 90 deg)

ArM = 240 psf

240 19.2in. Use D = 20 0 in.

The additionaY barrier shielding in this case can be best placed in the con-
necting cylinder between the blast sphere section and shelter. See Fig.
7-15 for details. The addition of radiation barrier walls requires the redesign

of the connecting blast cylinder. From Table 7-5 (qE = 325; 2 Lanes)

f' = 5000 psi C = 1.84 $/sq ft
c t

fdy = 6000 psi CT 48. 00 $/ft of cylinder

D = 3. 0 in.

Area of barrier wall

A = Z x 1/2 x 1 x 4.0o = 50. 3 sq ft
Assumingf' 2000 psi

Concrete D 20.0Ccc T• X c = -- "x 1. 00 = 1. 67 $/seq ft

Steel D x
C t a Z0.0 x 0.5 x 78.8a 260oo 0.00

Forms
FormA C+ (z0. 0833 DSL)) Xf

2 x (50. 3 + 1. 66 x s8o 0)
C f ... 50."3 x 1. 00 zz 2, 53 S/sq ft
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Summary
Ct 1.67+0.66 +2. 53 =4.86$/sqft

CT 4.86x50.3 245$

3. Total Cost

"(a) Excavation and Backfill

Assume an existing 1:1 slope cut excavation for the shelter.

The volume of the additional excavation required can then be determined

from Eq. (7-8).

(1) For Connecting Cylinder

Depth oi excavation at side of shelter = 22. 0 ft

Depth of excavation at upstream end of section : 16. 0 ft

Average depth of section = 22. 0 ft

S(22. - 22. 0) + (22. 0 - 16., 3.)ft

Vol = 3 ((8.5 x 6.33) + (14.5 x 9.33)) = 290 cu ft
2

(2) For Blast Section

Depth of excavation, downstream end 22.0 ft,
Depth of excavation, upstream end 9. 0 ft

Average depth of blast section = 23. 0 ft I

: (23.0- 2) + (23.0-90)) , 0 ft

Vol- 15.0 ((14.0 x 14.0) + (44.0 x 29.0)) = 11,080 cu ft
2

(3) For Radiation Section (R2 )

Depth of excavation, downstream end = 23. 0 ft

Depth of excavation, upstream end = 9. 0 ft

Average depth of radiation section (R,) 16.0 ft

Z 1(16.00 - 23.0) + (23.0 -9.0) )=0
2

Vol = 0
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(4) For Radiation Section (R 1)

Depth of excavation, downstream end 15. 0 ft

Depth of excavation, upstream end = 12. 0 ft

Average depth of radiation section (R 1 ) 14. 5 ft

Z= (14.5 - 15.0) + (14.5 - 12.0) ) 1.0
2

Vol = 120((3. 0x 14. 0) + (5. 0x 15. 0)) = 59 cu ft

(5) For Transition Section

Depth of excavation, downstream end = 14. 0 ft

Depth of excavation, upstream end 4. 0 ft

Average depth of transition section = 10.0 ft

- (10.0 - 14.0) + (10.0 - 4.0)1 1 f
S10 ft

Vol = •-0 ((3.0 x 10.0) + (5.0 x 11.0)) = 43 cuft
2

.(6) For Open Cut

Depth of excavation, downstream ead = 6. 5 ft

Depth of excavation, upstream end = 0. 0 ft

Average depth of open cut = 3. 25 ft

; ((3.25 - 6.5) + (3.25 - 0)= 0Z ~ 2

Vol': 0 cuft

Total Volume of Additional Excavation

Connecting Cylinder 290

Blast Section 11,080

Radiation Section (R 2 ) - 0

Radiation Section (R 1 ) = 59

Transitic-n Section 43

Oper• Cut 0

11,472 cu ft
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Entrance Structure Volume

Connecting Section - f x 4.252 x 6.33 359

Blast Section 4/3 x 11 x 6. 753 1,290

Radiation Section (R2) ; 3. 33 x 7. 66 x 14. 0 1,125

Radiation Section (R1) 3. 33 x 7. 66 x 14. 0 = 1, 125

Transition Section 3. 33 x 7. 66 x 13.0 = 1,045

Open Cut = 1/4 (27. 5 + 2.5) x 6.0 = 45

5, 139 cu ft

Volume of Backfill

11,472 - 5, 139 = 6,333 cu ft

(b) Open Cut Section

From Trial Design 7.4. 1

Slope CT = 87 $

Stairs 9 steps at 18. 00 = 162.00 $

(c) Emergency Exit

The exit requirement for 100 man shelter is the same for

both blast and nonblast-resistant entranceway systems. From Design

Example 7.4. 1,

CT = 14.00 x 20.33 = 285
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Total Cost

Open Cut Section

Side Slope Stabilization = 87

Stairs - 162

Transition Section

Reinforced Concrete Cubicle 32. 15 x 13. 0 = 418

Stairs 18. 00 x 13.00 - 234

Radiation Section (R 2 )

Reinforced Concrete Cubicle 32. 15 x 14. 0 = 450

Radiation Section (R 1 )

Reinforced Concrete Cubicle 32. 15 x 14. 0 450

Blast Section

From Design Example 7.4. 1 - 2,510

Blast Door Sleeve - 77

Connecting Cylinder

Reinforced Concrete Cylinder 48. 00 x 6. 33 302

Radiation Barrier Wall - 245

Emergency Exit - 285

Excavation 0. 036 x 11,472 = 413

Backfill 0. 033 x 6, 333 - 209

Haul 0. 026 x 5, 139 - 134

Total = $ 5,985
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CHAPTER 8

OPTIMUM ENTRANCEWAY DESIGN

8. 1 INTRODUCTION

8. 1. 1 Optimization Techniques

A cost function which is to be optimized (minimized) can be repre-

sented conceptually as a hypersurface in n-dimensional space, where n is

the number of design variables in the cost function. If the function is

relatively well-behaved in the region of interest, in that there exists a

minimum or a point of zero slope in all directions, this point can be found

by solving n simultaneous equations. These equations are generated by

determining the partial derivatives of the cost function with respect to each

design variable, and then equating each such partial derivative to zero.

This procedure, which is simple in its concepts, is designated as the

direct or Lagrangian method. Unfortunately, it is often impossible to apply

in practice, since it is usually not known in advance whether or not the

cost function is well-behaved (i. e., one, none or many relative minima)

within the region of interest. Even if this behavior condition is met, there

can be major difficulties in obtaining the solution of a group of nonlinear

simultaneous equitins. This is a problem class which, in many cases,

defies solution.

Another method of determining the optimum parameters of a cost

function is known at the gradient technique. Here the negative gradients to

contours of equal cost are found, thus determining a direction of travel for

subsequent cost analysis. This process, which insures lower-cost design,

continues until a minimum is reached or a side constraint is encountered.

The procedure greatly reduces the number of cost points which m'uIst be

surveyed, but its application usually requires the use of a large digital

computer. Systematic methods for progressive movement along constraints

to the acceptable region of design are required, as are means for dealing

with relative minima within the region. In general, the gradient technique

must be tailored to a specific problem. This task, in itself, often becomes

a major research project.
liT RESEARCH INSTITUTE
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The simplest optimization method, and one of those employed in

this study, is the n-dimensional search technique. This procedure surveys

a number of preselected coordinates in the cost space, and then selects

the set of coordinates or design variables which yield the least cost. The

method requires a good deal of engineering judgment in the initial selection

of coordinates which are to be searched. While it does not yield absolute

minimum values, it can frequently supply approximations which are entirely

acceptable for practical applications. The method can make effective use of

a digital computer when extreme accuracy is not deemed essential, the

number of design points to be surveyed is > 5000 and the analysis cycle is

limited to a few seconds. Obviously, as a practical matter, there is a

tradeoff between the number of design points and the length of the analysis

cycle. A manual search for the cost optimum becomes feasible only when

the number of points to be searched is small and the design cycle requires

complex judgment decisions.

Two n-dimensional searches were employed during the course of

this study. A computer program was used to develop minimum costs for

the compression and tension cubicles, introducing six design variables as

discussed in Section 7. 3. The development of Fig. 7-7 and of Table 7-5

is based on approximately 2000 trial designs asing this program. In addi-

tion, the co st curves which are supplied for the four blast-resisLant and the

two nonblast-resistant entranceway systems were obtained by combining the

results of a manual solution and an optimum search uf 64 trial designs simi-

lar to the trial design examples given in Section 7. 4 and 7. 5.

8. 1. 2 Cost Allocation by Functional Area

For both blast and nonblast-resistant structures, the total cost of

the entranceway systems can be subdivided into three basic areas. It is

then found that the percentage of total entranceway cost which is represented

by each of these areas will remain fairly constant for all entranceway con-

figurations and for all pressure ranges. The first of these cost areas, which

results from the basic requirement for blast protection, accounts for 55 to

60 percent of the total ertranceway cost. System components will include

the transition and blast sections as well as the blast door, door hardware

and door support items. A second cost area can be correlated with ionizing

liT RESEARCH INSTITUTE

8-2



radiation protection, and represents some 22 to 27 percent of the total cost.

Included items in this category are the radiation sections themselves plus

any supplementary barrier shielding. Finally, the remaining 15 to 20 per-

cent of the total entranceway cost can be allocated to site preparation, in-

cluding excavation and slope stabilization, and to such necessary functional

elements as stairs and emergency exits.

8.2 MATERIALS

Almost exclusive use is made of prestresset'. and reinforced concrete

structural elements. Previous studies12 Lhave ".-dicated that reinforced

concrete is normally the most economical material for the basic buried

shelter, assuming that dynamic pressures are at a significant level (pso >

Z5 psi), and a similar trend can be expected for the entranceway elements.

Framed buried shelters of steel and timber were found to merit consideration

at lower levels of loading, but this relationship is not equally valid when

the entranceway is examined. Large stress reversals in the entranceway

elements must be anticipated, as explained earlier, and these lead to diffi-

culties in fabricating the joints of framed steel and timber components. As

a consequence, we have excluded the explicit consideration of steel and

timber materials for optimum cost entranceways. At the same time, it is

believed that the use of these materials in entranceway designs for dynamic

pressure ranges of less than 25 psi will result in costs which are not

appreciably greater than those indicated in this study.

Structural steel plate is used in design applications where large

plastic deformation is permitted or where structural integrity between

elements is desired without the transferral of large bending stresses.

Structural steel shapes are used in functional applications, such as the

support channels for the blast door, and in instances where weight or

dimensional limitations requires the substitution of structural steel for a

reinforced concrete member.

Prestressed concrete elements are used extensively in the blast-

resistant portions of the entranceway, since this composite material has

the capability of carrying both tension and compression loading in a stress

reversal cycle.
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8.3 MINIMUM-STRUCTURAL-COST ENTRANCEWAYS

The findings of this study are summarized by plotting in-place struc- [
tural cost as a function of design pressure. The resulting plots are shown

in Fig. 8-1 and 8-2. These permit easy recognition of the influence of

entranceway capacity, type and structural system on the estimated in-place I
structural cost associated with structural loading.

In general, the tension cubicle represents the least-cost entranceway I
design in the low pressure loading range (p SO 25 psi), while the compres- .

sion cylinder dominates in the middle and high overpressure ranges. The ,

actual cross-over point between the cubicle and cylinder seems to be

dependernt on ".he requirements for entranceway capacity. In most cases, I.
the compression sphere costs closely parallel the compression cylinder

costs. I

Figure 8-3 is based on blast-resistant entranceway costs, and shows

the percentage savings which can be obtained by substituting the optimum I
nonblast-resistant entranceway system for the optimum blast-resistant

facility. Savings of 10 to 30 percent are thuz shown to be possible, depending g
on lane capacity and the overpressure level which is considered.

The optimum shelter designs have already been listed (Table 7-2). 1
With this information, together with the data presented in Fig. 8-1, 8-2,

and 8-3, the optimum shelter entranceway system can be matched with the

corresponding optimum shelter for a particular shelter capacity and design I
pressure. Figure 8-4 presents the cost per sheltered occupant of the

optimum entranceway system for least-structural-cost shelters of 100-5001
1. z

and 1000 man capacity. 1 with entranzewa, cost shown as a function of the

design overpressure. The data presented in Fig. 8-4 can thus be added

directly to the optimum shelter costs from Fig. b-3 of Ref. 2. In this way,

a rapid estimate car- be obtained of the total structural costs for a proposed m

buried shelter. In preparing Fig. 8-4 the combination of entranceway lare,

designs which it; us,.d w;t0 each particular shelter is based on a rated traffic

capacity of 250 persons per lan,. A 1000 man shelter capacity would thus

require four one-lar% entranceway structures or two two-lane entranceways.

In develop*ng the cost data presented in, Fig. 8-4. it is further postulated 3
that belter systerms with capacities grvater than 500 persons will require
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a minimum of two separate entranceways in addition to any emergency

exits which may be provided.

8.4 CONCLUSIONS

The results of this study indicate that entrance systems which are

adequate for buried shelters cf 100-500 and 1000 man capacities and for

overpressure ranges of 10 to 200 psi can be provided at an additional cost

of between 25 to .t0 percent of the structural cost of the basic shelter. It

has been further determined that an apriori knowledge of the shelter which

is to be serviced is necessary input if optimum entranceway designs are to

be realized. As was found to be true in the case of the basic shelter struc-
1,2Z

tures, but to an even greater degree, an increase in the design capacity

of the entranceway is seen to decrease the system cost per entrant. Of

the entranceway lane capacities studied in detail, the optimum two-lane

system can accommodate traffic at approximately 30 percent less cost

than can an equivalent one-lane system. A two-lane system is slightly

less expensive ( < 5 percent) than an equivalent four-lane system in the

higher overpressure range (pso > 50 psi), but the reverse is true in the

lower overpressure design region.

8.5 RECOMMENDATIONS FOR FURTHER STUDY

This report, together with the related earlier studies, 2 form the

basis for the preliminary evaluation of the capacity requirements, structural

protection and radiation attenuation systems which are necessary for buried

shelters of 100, 500 and 1000 man capacities in the 10-200 psi dynamic

overpressure range. Obviously, there is a need for prooftesting models

or prototypes based on the designs developed in these studies, in order to

verify the postulated gross structural behavior of many of the structural

elements. In addition, it now appears appropriate to test the relative

merits of applying more sophisticated analyses in optimization studies of

blast-resistant structures.

All structural designs or analyses require some simplifying assump-

tions in orv ,r to reconcile the anticipated service conditions with the current

state of the pertinent technological knowledge. In the field of blast-resistant

underground structures, there has been a considerable research effort
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devoted to the structural response to dynamic loading, the soil-structure

interaction and the elastic and plastic stability of the various structural

elements. The less-sophisticated methods of analysis, which employ a

simplified equivalent static loading and which largely ignore questions of

stability and soil-structure interaction, are often criticized as inadequate I
representations of the actual loading and structural response. Further

research in these areas will undoubtedly be useful in gaining a more thorough

knowledge of the dynamic response of such structures. At the same time,

it is not clear that more sophisticated analyses will result in designs which, j
from the economic standpoint, will more nearly approach the optimum.

Some thought might now be given to analyzing the same structure by means

of two methods, one similar to that employed herein and a second which

would apply rigorous analytical and cost optimization techniques. By this

process, some quantitative appraisal could be made of the expectation of

achieving further significant design and cost improvement for the fully-

buried shelter. j
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although this latter correlation becomes decidedly weaker as the overpressure level is Increased.
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